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ABSTRACT 

During the fall of 1967, the M.I.T. Lincoln Laboratory Haystack radar was employed 

to study the scattering properties of the planet Venus at 3.8-cm wavelength. An in- 

crease in the transmitter power to 300kW CW and a reduction in the system noise 

temperature to 60°K provided a considerable improvement in the radar performance 

compared with that available for earlier measurements. The frequency power spec- 

tra of the echoes were determined by digital Fourier analysis of the received signals. 

The total power in each spectrum was computed to yield the value for the radar cross 

section of Venus. These average 1.75 percent of the projected area of the disk, in 

good agreement with a reanalysis of results obtained in 1966. 

The signal spectra have been averaged and employed to derive the angular scatter- 

ing dependence P(<p) for waves reflected from a region near the center of the disk 

(0 < <p < 60°), where atmospheric refraction effects seem likely to be small. Com- 

parison of this law with a law derived from similar measurements at 12.5-cm wave- 

length performed at the Jet Propulsion Laboratory (JpL) shows limb darkening, which 

is attributed to atmospheric absorption of the shorter wavelength signals. From the 

amount of limb darkening, the difference in the two-way atmospheric absorption at 

the two wavelengths is estimated to be 5 ± 1 db. The radar cross section observed 

at 3.8 cm is lower than that at 12.5cm by 8 ± 3db. Thus it is concluded that the one- 

way absorption of 3.8-cm microwaves by the atmosphere of Venus is at least 2.5db 

and possibly more. This is significantly greater than can be accounted for by the re- 

cent U.S. and Soviet probe experiments, which imply an atmosphere of CO^ with sur- 

face pressure of 20 atmospheres. Either the pressure is considerably greater than 

this or other gases that are more effective microwave absorbers are present. The 

scattering behavior of the disk center, i.e., in a region where atmospheric refraction 

and absorption have not significantly altered the shape of the scattering law, has been 

compared with that at other wavelengths. It is concluded that Venus, like the moon, 

appears to be rougher at centimeter wavelengths than meter or decimeter wave- 

lengths. However, for scales important in these measurements, i.e., over horizontal 

distances of the order of a few times the wavelength, the rms slopes found for Venus 

are of the order of 1/N/2 times those found for the moon. 

Delay-Doppler mapping experiments are reported which yielded a resolution of 

~100 x 100 km. These show the existence of bright features and the locations of 

these are tabulated. The report closes with a discussion of the nature of these fea- 

tures. It is concluded that many, if not all, are rougher and denser than their en- 

virons and, in view of the general smoothness found elsewhere, are possibly young 

features. 

Accepted for the Air Force 
Franklin C. Hudson 
Chief, Lincoln Laboratory Office 

in 





CONTENTS 

Abstract iii 

I.    Introduction 1 

xperimental System 1 
A. General Characteristics 1 
B. Frequency Control 3 
C. Doppler and Range-Rate Tracking 4 
D. Modulation and Timing Equipment 4 

E. Data Interface to CDC 3300 Data Processing Computer 5 
F. Computer Programs 5 

III. Experimental Procedures 7 

A. General 7 

B. Hayford CW 7 

C. Hayford Coded 9 
D. Fourth Test of Relativity 9 
E. CW Spectrum 10 

IV. The Radar Cross Section 10 
A. Reduction 10 
B. Corrections 13 
C. Accuracy 13 
D. Results 16 

V.    The Angular Scattering Law 19 
A. Mean Power Spectrum 19 
B. Angular Power Spectrum P(^) 21 
C. Effects of Refraction in the Atmosphere of Venus 25 
D. Absorption by the Atmosphere of Venus 28 
E. Theoretical Behavior 31 

VI.    Mapping of Anomalously Scattering Regions 34 
A. Introduction 34 
B. Short Coded Pulse Observations 35 

C. Spectrum Observations 39 
D. Nature of the Features 44 

E. Discussion 49 

References 52 





REFLECTION PROPERTIES OF VENUS AT 3.8 CM 

I. INTRODUCTION 

During a period of about  6 weeks centered on the 1967 Venus inferior conjunction,  the 
Haystack Microwave Facility was employed as one element of a radar interferometer to map 
the brightness distribution over the disk of the planet.    In addition,  delay measurements of 
Venus were conducted as part of our overall program of determining planetary distances.    Re- 
sults pertaining to these particular experiments are published elsewhere. ~     As a consequence 
of the extensive radar coverage of the planet during this period and the high signal-to-noise ratio 
of the received signal, we have been able to analyze data from these two experiments for other 

purposes. 
An extensive set of radar cross section measurements was available from the CW spectra 

obtained during the interferometer experiment.    These same spectra and range delay data from 

both experiments were analyzed to obtain estimates of the scattering law and atmospheric atten- 
uation of Venus at 3.8 cm.    The features identified in radar maps and CW spectra from Venus 
were used to determine more precisely the rotation period of the planet.    This report summarizes 
the results of these investigations. 

In the section that follows,  a general description is given of the radar system employed for 
these measurements.    Section III reviews the experimental procedures employed for the four 
main experiments conducted during this period.    The following three sections describe and dis- 
cuss the experimental results obtained for (a) the radar cross section,   (b) the scattering law 
and atmospheric absorption,   (c) the mapping of the brightness distribution over the disk and the 
identification of anomalously scattering regions. 

II. EXPERIMENTAL SYSTEM 

A.    General Characteristics 

The radar experiments described in this report were performed with the 3.8-cm planetary 
4 

radar at the Haystack Microwave Facility.     During the period of the 1967 Venus inferior con- 

junction, the receiving system was connected as an interferometer by using as a second antenna 
the 60-ft reflector at the Westford Communications Terminal.     The experiments to be described 
here were carried out using only the 120-ft Haystack antenna.    The radar mapping results ob- 
tained using the interferometer configuration are described in Ref. 1 and will be referred to as 
the Hayford experiment. 

The operating characteristics of the Haystack radar are listed in Table I.    At 3.8 cm, the 
antenna has a gain of 66 db and a beamwidth of 0.07°.    The narrow beamwidth requires that the 



TABLE 1 

HAYSTACK  RADAR PARAMETERS 
(June — September 1967) 

Frequency 7840 MHz 

Wavelength  X 3.824 cm 

Antenna diameter 120 ft 

Antenna gain G 66.1 db 

Antenna aperture A 
2 

26.9 db over 1 m 

Beamwidth 0.07° 

Polarization Transmit right circular 
Receive left circular 

Average transmitter power P 150 to 350 kW 

Typical system temperature T,. 60°K 

Modulation CW or phase reversal code 

Frequency standard Hydrogen maser 

System losses L 0.5 db 

antenna be pointed extremely accurately and this is accomplished by generating pointing in- 

formation in a Univac 490 computer from astronomical ephemerides.    Normally the computer 
directs the antenna at the apparent position of an object in the sky,  and this would be correct for 
radar reception or radio astronomical observations of the planet.    For experiments on Venus, 
however,  during the transmission periods,  the antenna must be commanded to "lead" the planet, 
i.e.,  the antenna must be directed at that point in the planetary orbit where the planet will be 
when the transmitted signals arrive.    This was done automatically in the present observations 
by offsetting the antenna pointing by a small amount during transmission periods. 

Figure 1 shows the arrangement of the principal components of the Haystack Radar.    The 
transmitter employs a final stage consisting of two Varian VA-949AM klystrons and associated 
equipment.    During the experiments reported here it was operated at average power levels of 
150 to 350kW.    Since it is a CW transmitter,   range measurement was accomplished by reversing 

the RF phase of the transmitter according to a pseudorandom sequence that could be recognized 

on reception. 
The receiver used for the experiments was a multiple superheterodyne with local oscillators 

controlled by the station frequency standard (Fig. 1).    The preamplifier was a traveling wave 
ruby maser which was cooled to 4.2°K by liquid helium.    The overall system temperature achieved 
during this period typically was 60 "K when the antenna was directed against the sky at an eleva- 
tion angle of the order of 40°.    When the antenna was directed toward Venus at inferior conjunc- 
tion,  the system temperature rose to about 70°.    The contribution of the receiver and its as- 
sociated waveguide connections,   combiner and horn to this total was about 35°K,   the balance 
of the system temperature contribution being from radome loss,  ground scatter,  side lobes, 
atmospheric attenuation,  and other causes. 
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Fig. 1.   Tuning and frequency control scheme in planetary radar at Haystack. 

The liquid helium dewar holding the maser was malfunctioning during the report period and 
could only hold a charge for about 3 hours.    An operational cycle of 1 hour charge followed by 
3 hours observation therefore resulted.    The first and last half hours of each of these observing 

periods were often contaminated by receiver gain instabilities.    In treating the experimental 
results,  the 3-hour groupings forced by this cycle were often summed together and the term 
"block" is here used to identify such run groups. 

B.    Frequency Control 

The basic element in the radar frequency control system was the station frequency standard. 
The operational standard was a Hewlett-Packard 107 BR 5-MHz quartz oscillator which was 
phase locked to a Varian H-10 hydrogen maser.    All of the local oscillator and exciter signals 
were derived from this standard.    The long term frequency stability was better than one part 
in 10      and the spectral purity of the radiated signal was known to be better than 0.05 Hz.    The 
particular arrangement of the frequency control equipment used during the summer of 1967 was 
determined by the requirements of the Hayford experiment.    Measurements of system phase 
stability and spectral purity are described in Ref. 1. 

In the receiver,  the first local oscillator frequency was fixed at 7710 MHz.    The second local 
oscillator has a nominal value of 100 MHz but was electronically controlled to accomplish re- 

ceiver Doppler frequency tuning.    The third and fourth local oscillator frequencies were fixed 
at 28 and 2 MHz,  respectively.    In the CW measurements,  a deliberate offset of the received 
signal frequency was accomplished by displacing either the 100-MHz or 2-MHz sources by a 



known amount.    This was done to avoid spurious signals and to provide an "image" reference 
spectrum of the noise in the system (see Sec. III-B). 

C.    Doppler and Range-Rate Tracking 

During the experiments the radar receiver was continuously tuned to compensate for the 
Doppler frequency shift of the received signal arising from the motion of the planet's center with 

respect to the observer.    The ranging experiments required,  in addition, a clock that was offset 

from that controlling the phase reversals in the transmitted waveform to compensate for the 

range-rate of the moving planet.    The equipment used to track both the Doppler shift and range 
rate was under control of the Univac 490 pointing computer.    The basic frequency control in- 

formation was derived from the trial radar ephemeris (see Sec. II-A). 

The Doppler frequency was removed by offsetting the second receiver local oscillator fre- 
quency (at 100 MHz) by the amount of the predicted Doppler shift.    This local oscillator signal 
was generated by a digitally controlled frequency synthesizer (HP5100A),  which could be changed 
in steps as fine as 0.1 Hz on command of the U490 pointing computer.    Since the typical rate of 
change of frequency was less than 2 Hz per second,  commands were transmitted from the com- 

puter to the synthesizer at a rate of 20 per second,  and thus the receiver was always tuned to 
the nearest ±0.1 Hz of the required value.    The overall accuracy of this attempted compensation 

is determined by the basic ephemeris and knowledge of time.    Subsequent spectrum analysis of 
the echoes was not attempted for a resolution finer than 1 Hz,  and hence the frequency tuning 
system itself should not have produced significant spectral smearing or offset.    Although the 

frequency of the synthesizer was stepped 20 times per second,   phase discontinuities of the local 
oscillator were produced only by changes in the 1-kHz control digit,  which occurred typically 
at 15-minute intervals. 

In designing the equipment used to generate the range rate offset clock signal,  advantage 
was taken of the fact that the fractional frequency offset required is identical to the ratio of the 
Doppler frequency shift to the carrier frequency.    Thus 100 MHz was subtracted from the second 

local oscillator frequency to generate the "Doppler" frequency offset.    This was then divided by 
7840 (i.e.,  the carrier frequency in MHz) and applied as a single-sideband modulation to the 
standard 1-MHz clock signal preserving sign as well as magnitude.    This compensated clock 

signal was then employed to control the sampling of the echo,  i.e.,  to generate a receiver time 
base on which the echo would appear to be stationary.    The actual implementation of this scheme 

was in fact more complex than described above,  since it was required to work over a wide range 
of Doppler frequencies and operate smoothly through the zero Doppler shift region.    In operation 
it was merely necessary for the U490 computer to program the 100-MHz local oscillator to the 
correct frequency in order to compensate simultaneously the Doppler and range-rate variations. 

D.    Modulation and Timing Equipment 

Timing and modulation signals for the various experiments were generated by a special 
radar sequencer.    All experiments were timed to start on a selected even minute and the dura- 
tion of the transmit period was made equal to round trip time delay to the planet.    During this 
period the antenna pointing was made to lead the apparent position,  and in the ranging experi- 
ments pseudorandom phase-reversal modulation was applied to the transmitter.    The end of the 

round trip time was established to the nearest 1 M-sec using a digital clock which commenced 
running on the minute mark.    The preset entries for this clock were obtained from a printed 

ephemeris. 



After the transmit period had elapsed there was a receive period timed to be of equal dura- 

tion, the combination constituting a "run."     In the receive period the antenna was pointed at the 

apparent position of the planet and the Doppler shift of the receiver was compensated automati- 

cally.    Samples of the signal were taken using analog to digital (A/D) converters and these were 

processed by the CDC 3300 computer.    The sequencer provided signals to start and stop the 

processing and to control the timing of the analog-to-digital converters.    For ranging experiments 
this conversion was performed at a rate governed by the range-rate offset clock.    Since the 

details of timing for each experiment varied,  these are discussed in Sec. Ill under Experimental 

Procedures. 

E. Data Interface to CDC 3300 Data Processing Computer 

The final intermediate frequency of the radar receiver was 2 MHz.    The analog signals at 
2 MHz were band limited to reduce the dynamic range requirements of signal processing.    This 
signal was translated to a 0-Hz intermediate frequency by two identical balanced mixers (or 
"phase detectors") fed by quadrature reference signals at or near 2 MHz.    The resulting pair 
of quadrature video signals represents orthogonal components of the complex signal.    (During 
the Hayford experiments,  a second analog signal channel was processed simultaneously.)   These 

video signals were filtered by a pair of identical low pass filters,  and this is equivalent in its 
effect to that of a single bandpass filter of the same half width at IF.    The low pass filters used 
in the spectral measurements were 5-pole units providing a sharp cutoff above 250 Hz.    The 
filters used in coded range measurements were filters matched to a pulse equal in length to the 
basic interval (baud) employed in the code sequence. 

The filtered analog signals were amplified and then sampled simultaneously by analog 

"sample-and-hold," circuits.    The stored voltages were then sequentially measured by an 8-bit 

analog-to-digital converter.    The encoded outputs were placed in proper format and transmitted 
directly to the lower 16,000 word memory section of the CDC 3300 computer.    These operations 

were always under timing control of the radar sequencer, which generated start and stop com- 
mands and supplied range-rate offset sampling pulses for ranging measurements.    The interface 

equipment directly controls the location in core memory for each data word and periodically 
communicates control information (and time if required) to the computer program via a standard 
computer communication channel in order to synchronize the cycling of the program to the radar 
timing. 

F. Computer- Programs 

All of the programs used for processing the radar signals in real-time (i.e., on receipt) by 
the experiments covered in this report were written for the Control Data Corporation 3300 com- 
puter system.    This computer has an effective cycle time of about 1.4fxsec,  a word size of 24 
bits and 32,000 words of directly addressable core storage. 

Our objective in writing these programs was to accomplish as much of the desired analysis 
of the digital samples accepted from the radar as possible during their arrival.    The extent to 
which any analysis can be carried out while receiving data samples is primarily a function of 

their input rate,  the speed of the computer and the efficiency of the processing program.    For 
two of the experiments,  namely the Hayford Coded and the Fourth Test measurements (Sees. Iil-C 
and -D),  the transmitted waveform was phase coded to obtain range resolution.    For these two 
cases,  the real-time program performed the demodulation of the received signal by effectively 



cross correlating the signal with a replica of its transmitted waveform.    This was accomplished 

in the computer,  in practice,  by executing a sequence of additions and subtractions of the data 
samples in a pattern identical to the sequence of phase shifts imposed on the transmission. 

In all of the experiments,  digital frequency filtering was performed at some point in the 

data analysis.    In the Hayford CW and CW Spectrum measurements (Sees. III-B and -E,  respec- 

tively),  this was accomplished in real-time,   i.e.,  during the receive period of the radar system 
cycle.    In the Fourth Test experiment (Sec. III-D),  frequency analysis for each run was performed 

during the transmit period of the succeeding  run.    This was  necessary for this experiment 

since the high input data rate restricted the receive period processing to demodulation of the 
coded signal.    These decoded samples were then recorded on magnetic tape for use by the spec- 

tral processing phase of the program. 
The Hayford Coded real-time program (Sec. III-C) also produced a record of the decoded 

samples but in this case the frequency analysis was accomplished by an "off line" program.    In 

all cases, this computation of power spectra was accomplished by performing a discrete Fourier 

transformation of the time domain samples using an algorithm for fast Fourier transform devel- 
8 9 oped by Cooley and Tukey. '     The time required to execute this algorithm is proportional to 

N logN where N is the number of spectrum points (normally equal to the number of data samples). 
The routine is especially fast where  N is some power of 2.    Consequently for all of the real 
time programs  N was chosen as an exact power of 2.    Table II summarizes the operating sta- 

tistics of the real-time programs. 

TABLE II 

REAL-TIME COMPUTER PROGRAMS 

A.   CODED PULSE  PROGRAMS 

Experiment 

Effective 
Pulse Length 

(usec) 

Sample Delay 
Interval 
(usec) 

Number 
of Delays 
Decoded 

Data Input Rate 
(24-bit words/sec) 

Percent 
of Processing 

Capacity 

Fourth Test 

Hayford Coded 

60 

500 

30 

500 

32 

62* 

66,667 

16,000 

99 

90 

B.   SPECTRAL PROGRAMS 

Experiment 

Frequency 
Spacing 

(Hz) 
Number 

of Frequencies 
Data Input Rate 

(24-bit words/sec) 

Percent 
of Processing 

Capacity 

Hayford CW 

CW Spectrum 

Fourth Test 

1.0 

8.0-1.0 

1.033 

1024* 

128-1024 

64 

2048 

256 - 2048 

NAt 

70 

60-80 

85 

* Hayford was a 
signal or 31 dele 

t Spectral proce 

2-station interferometric experiment.    For this report we consider only one 
lys and 512 frequencies. 

ssing performed during subsequent transmit period. 



III.   EXPERIMENTAL PROCEDURES 

A. General 

This report presents results obtained from several experimental programs that required 
different operating procedures which are reviewed below.    In general, the experiments had been 
designed with given primary objectives in mind and in all cases were not ideal for the measure- 

ments discussed here.    For the purpose of this report»  the following names will be used to 

identify the primary experiments: 

(1) Hayford CW .    The Venus X-band CW radar interferometer experiment 
performed with the Haystack and Westford Communications Terminal 
antennas. 

(2) Hayford Coded  .    The Venus range-coded radar interferometer measure- 
ments performed in conjunction with the Hayford CW experiment. 

(3) Fourth Test Ranging3.    The experiment designed to directly test the theory 
of General Relativity by radar planetary ranging.    Some of these observa- 
tions were conducted using a code with a 60-nsec baud length and as such 
were suitable also for (ambiguous) mapping of Venus. 

(4) CW Spectrum.    A monostatic spectral analysis experiment specifically de- 
signed for CW spectral and radar cross section measurements on Venus 
and Mercury. 

The Hayford CW experiment has been the primary source of data presented in this report 
and the experimental procedures used for the others were quite similar. 

B. Hayford CW 

The primary purpose of the Hayford experiment was radar mapping of the surface of Venus 

by combining Doppler frequency resolution and interferometric techniques to resolve areas on 
the surface.    A CW signal was transmitted for a period approximately equal to the round trip 
delay interval.    During the receive interval, the planetary echo was received at both Haystack 
and Westford and a real-time spectral analysis of the signals was performed by the CDC 3 300 
data processing computer.    The data of interest to this report are the average power spectra 
derived from the Haystack signals. 

The timing of each radar run was determined by the requirements of the interferometer 

experiment.    The commencement of both the run and data processing had to be at predetermined 
clock times and it was also necessary to allow a finite amount of time to convert from trans- 

mitting to receiving.    One consequence was that the total integration time available per run was 
somewhat less than the round trip delay time.    In a typical run such as 22804* on 16 August 1967, 
the round trip delay time was 312.345 seconds and the resulting integration time was 265 seconds. 

During the transmit period, the operator attempted to maintain the transmitter at constant 
power.    However,  for the purposes of the primary experiment,   it was more important to main- 

tain a continuous cycle of runs than to maintain constant power.    As a consequence, there were a 
considerable number of runs during which the transmitter power varied as the voltage was being 
raised,  or when safety circuits removed the drive signal.    We have attempted to identify such 

* A 5—digit "run" numbering system was used to identify the day number of the year (first three digits) and to assign 
2-digit serial numbers to the runs on that day (last two digits).    Generally, Venus experiments started daily with 
the serial number 01, and where a new block of data began (see Sec. Il-B) a new series would be started at say 
11, 21, or 31. 
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runs and eliminate them from the data from which the radar cross section has been determined 
(Sec. IV). 

The system temperature was measured at the conclusion of each run by injecting into the 
receiver terminals a known amount of noise and observing the increase in the mean level at the 
output.    This method of calibration introduces uncertainty during the conditions of receiver in- 
stability that were experienced at the beginning and end of the liquid helium fill and under adverse 
weather conditions.    The receiver system temperature was found to be stable most of the time, 

except, of course,  for the variation with elevation angle introduced by atmospheric extinction 
(see Sec. IV-B). 

The predicted Doppler shift was compensated as outlined above.    The 2-MHz IF signal was 

band-limited by an 18-kHz wide filter whose passband was essentially flat over the center portion. 

For the Hayford CW experiment the center of 

the echo was arranged to appear at a frequency 

of 2,000,100 Hz.    Phase detectors translated two 
quadrature components of this signal to video 

where low pass filters then limited the total 
bandwidth effectively to ±250 Hz.    There was 
deliberate aliasing of noise components by the 
subsequent sampling.    This produced a virtually 

flat noise baseline in the processed data,  making 
the removal of the noise contribution from the 
spectrum rather straightforward.    Since the 

limb-to-limb Doppler spread of the signals (ex- 
cept for the first few days of operation) was less 
than 200 Hz, the signal spectrum was located 
within a band extending from 0 to +200 Hz,  cen- 
tered at +100 Hz.    Thus the region of the spec- 
trum extending from 0 to —200 Hz could be used 
to establish the level of the noise baseline.    The 
form of the spectrum is shown in Fig. 2 with 

the Venus echo centered at M00 Hz and the symmetrical noise reference baseline (see Sec. IV). 
As described above, the analog data was sampled and digitally encoded for computer process- 

ing.    The intersample period used for the pair of quadrature signal components was 1953 usec 
corresponding to a sampHng rate and frequency coverage of 512 Hz (512.03277).    The encoded 
data was transferred to the CDC 3300 data processing computer,  where a complex Fourier 

spectral analysis for 512 points (1 second) produced complex amplitude spectra with a 1-Hz fre- 
1 8 

quency resolution.    This program   was based on the direct discrete Fourier transform algorithm 
9 

developed by Cooley and Tukey,   and did not apply any weighting to reduce sidelobes.    Hence the 
synthesized "filter" characteristic has a (sinx/x)    power response with 1-Hz effective bandwidth 
per filter.    Features seen in the spectra of the signals seem to have been resolved,  that is to 
say they were found to extend over several adjacent filters.    Therefore it is believed that the 
sidelobes in this response should not introduce spurious effects.    The series of complex ampli- 
tude spectra were recorded on magnetic tape for later analysis.    In the example of run 22804, 
there were 265 such spectra,   each representing 1 second of coherent integration performed 
during this run.    These stored complex spectra were later (i.e.,  in post real-time) squared and 

Fig. 2. Schematic diagram of receiver output 
for CW operations following spectral analysis 

processing in computer. 



summed to generate average power spectra for each run.    These average power spectra provided 

the source for the results described in Sees. IV and V and were one source for those of Sec. VII. 

C. Hayford Coded 

The primary purpose of this experiment was radar mapping of the surface of Venus using 
a combination of delay resolution, frequency resolution and interferometric techniques to re- 

solve areas of the surface.     The transmitted signal was modulated by reversing the phase (180°) 
7 

according to a 31-element pseudorandom shift-register sequence code.     The baud or basic pulse 
width was SOOnsec and the resulting unambiguous code length 15.5 msec.    This may be compared 
with the 40.7-msec radar depth of Venus.    The energy from delay depths beyond 15 msec was 
folded onto the initial returns,  but because of the rapid fall-off of the scattered energy with in- 
cremental range delay,  this did not cause any difficulty in the primary mapping experiment. 

The operational procedure employed was basically the same as that described for the Hayford 
CW experiments with the exception that,  because the transmitted signal was phase-coded,  the 

computer processing was different.    The signal was not frequency offset before processing.   The 
video signals were smoothed by filters matched to 500-nsec rectangular pulses,  and sampled 
at   500-|j.sec intervals.    The computer removed the code by weighting 34  adjacent samples by 

+ 1 or —1 and summing.    This operation was repeated each time a new sample was received.   Sub- 
sequent spectral analysis of the successive sums produced an (ambiguous) delay-Doppler map 
containing 31 delay elements,  each 500 usec in width,  times 64 frequency elements,  each ap- 
proximately 1 Hz wide. 

The delay-Doppler maps obtained during these experiments were summed with respect to 
frequency to obtain a plot of echo power vs incremental delay.    These profiles were used to 
estimate planetary scattering law (Sec. V).    The first two 500-fisec range boxes were arranged 
to precede the echo (i.e.,  the leading edge of the Venus echo appeared in box 3),   thereby provid- 
ing a noise calibration.    Thus the delay depth coverage was restricted to less than 15 msec and 
the noise reference boxes were contaminated by weak but nevertheless finite planetary returns, 

owing to foldover. 

D. Fourth Test of Relativity 

The Haystack radar was used extensively in range delay measurements of Venus and Mercury 
during 1966 and 1967,   in order to refine the elements of their orbits (and earth) and test the 
General Theory of Relativity.     The experimental results obtained during the period of the 1967 
Venus inferior conjunction in the course of this program were used to estimate the planetary 
scattering characteristics near the subradar point.    The ranging technique employed pseudo- 
random phase reversal coding with computer demodulation and processing,  and was therefore 
similar to the Hayford coded experiment except that a 63-element code with a60-|asec baud length 
were employed.    These provided an unambiguous range delay coverage of 3780 usec.    The video 
signals were smoothed by filters matched to a 60-nsec rectangular pulse (i.e.,  the baud length). 
Because of the requirements of the primary experiment and the limited data processing capa- 

bilities of the CDC 3300 computer,  only a portion of the time base was examined.    The uncoding 
of the signals was carried out to provide voltage sums for 32 range boxes.    The spacing between 
adjacent sums was 30|j.sec thus providing a depth of coverage of 960 usec.    As with the Hayford 

coded data,   signals returned from deeper in the planet were folded onto the wanted portion.   The 
echo power falls off so rapidly with incremental delay,  however,   that this "self noise" can be 



tolerated for the purposes of the range measurements.    The foldover problem served to prevent 
the establishment of an accurate noise baseline.    A second problem associated with establishing 
a baseline was the presence of small but consistent end-effects resulting from the particular 
way the pseudorandom sequence modulation was decoded.    This end-effect caused the various 

range boxes to contain slightly differing levels even in the absence of an echo. 
The processing produced a delay-Doppler map having 32 delay elements,   each 30p.sec in 

width,  times 64 frequency elements,  each approximately 1-Hz wide.    The first four range boxes 
served as a noise baseline reference with the leading edge of the Venus return usually placed in 
box 5 or 6.    These delay-Doppler maps could be transformed to generate an (ambiguous) map 

of the Venus reflectivity near the subradar point with a finer resolution than provided by the 
500-nsec Hayford coded data (see Sec. VI).    The delay-Doppler data was summed across fre- 

quency to obtain range delay profiles of the planetary return near the leading edge (see Sec. V). 

E.    CW Spectrum 

The primary purpose of this experiment was to measure the planetary echo during periods 

of relatively weak signal-to-noise ratio and to obtain estimates of radar cross section and signal 
spectra.    The spectra obtained were generally noisier and of poorer resolution than those gen- 

erated by the Hayford CW experiment.    The experimental procedure was almost identical to the 

Hayford arrangement but had the complications caused by the interferometric system removed. 

A CW signal was transmitted for a period of one round trip delay interval followed by a similar 
receive period.    The actual time for which the echo signal was recorded was usually about 45 sec- 
onds less than the round trip delay time. 

The average power spectrum of the received signal was computed in real-time.    The fre- 
quency coverage of the spectral analysis was about 1024 Hz,  the intersampling period being 
977 (jisec for the pair of complex components.    Equivalent filter resolutions of 1 or 8 Hz were 
used at different times depending upon the signal-to-noise ratio.    The planetary signal was dis- 
placed to appear centered at +160 Hz so that the negative side of the spectrum was available as 
a symmetrical noise reference (see Sec. IV). 

IV.   THE RADAR CROSS SECTION 

A.    Reduction 

Hayford CW spectra were obtained for 165 runs during the period of 27 July to 13 Septem- 
ber 1967.    These runs were grouped into 23 blocks of data,  each block covering a 4-hour time 
interval.    The blocks were used to generate absolute spectra and to compute the radar cross 
section.    Additional estimates of the radar cross section have been obtained from CW spectrum 
runs made during the period April to July 1967. 

The cross section of Venus  a was computed from the radar equation 

(4TT)
2
 R4Pr 

a~-     R G+A Lr (1) 

t   t   r 

using the parameters listed in Table I.    Here R  is the distance to Venus and  L is a composite 

loss transmission factor made up of transmission line loss,  elevation angle corrections,   and 
weather attenuation (see Sec. IV-B).    In order to determine the received power P ,  the average 
power spectra were read from a previously prepared magnetic tape.    These spectra spanned a 
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frequency interval of 51 2 Hz,  i.e.,  from -256 to +256 Hz.    The echo appears at positive frequen- 
cies centered at +100 Hz and is superimposed on a noise background as illustrated in Fig. 2. 

The noise level on the negative side of the spectrum was relatively flat and had a mean value 
P   watts/Hz related to the actual system temperature T~ by 

Pn = kTs (2) 

where k is Boltzmann's constant. 
The spectra were scaled in temperature by using this relationship and the recorded system 

temperature. The signal power P was computed from the spectrum by summing the tempera- 
ture contributions of the filters over a range equal to the limb-to-limb Doppler spread 

Pr = kB  £ Tf(f)- I Tn(-f) (3) 
*-m m * 

where m is the number of filters employed in the sum,  T.(f) the temperature assigned to the 
filters (centered on +100Hz) containing signal and noise,   and T  (— f) the temperature assigned 
to the filters centered on—100 Hz containing only noise.    The noise subtraction [Eq. (3)] depends 
for its accuracy on the fact that the weighting imposed by the low pass filter will be the same 
for positive and negative frequencies,  while the gain of the receiver prior to the conversion to 
video is essentially constant over the narrow frequency interval examined here.    However,  the 
amount of noise in the left and right halves of the spectrum (Fig. 1) is only the same on a statis- 
tical basis and thus the subtraction [Eq. (3)) does introduce a slight amount of uncertainty in 
P   (see Sec. IV-C). 

The radar range was computed from the ephemeris round trip delay time 

R = ctR/2 (4) 

where c = velocity of light and tR = round trip delay time.    The computer was employed to cal- 

culate a using the following modification of Eq. (1). 

4 
,   2 

a = (ir c 
4k,fej(7Ä-)[?T

f
(f,-5Tn'-«] 

t   E   V      m m 

where Lp is the extinction loss (see Sec. IV-B) and L , any additional loss attributable to adverse 
Hi V 

local weather (see Sec. IV-B).    The other parameters are again specified in Table I.    Equa- 
tion (5) separates into four factors:   the first is a constant;  the second contains only parameters 
that were assumed to be invariant during the course of the experiment;  the third contains param- 

eters that varied from run-to-run,  and the values of these were entered into the program by 

punched cards;  and the fourth was the temperature sum obtained by adding the signal temperature 
contributions over the predicted limb-to-limb spread.    A discussion of the errors involved in 

this computation is included in Sec. IV-C. 
The radar cross section values obtained in terms of percentage of projected area of Venus 

12    2 (taken as 1.17x10     m  ) for each block of data are summarized in Table III,  and discussed 
later in this section.    The reduced echo spectra were averaged over each block and,  together 
with the relevant scaling information,  were recorded on magnetic tape for further analysis. 
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TABLE III 

HAYFORD CW MEASUREMENTS OF RADAR CROSS SECTION a 

Block 
No. 

Dote 
(1967) 

Time (GMT) 

No. of Runs 
Percent 

Cross Section First Lost 

208-1 27 July 1743 1953 7 1.86 

214-1 
214-2 

2 Aug 1435 
1755 

1628 
1959 

5 
4 

1.80 
1.82 

215-1 3 Aug 1404 1507 5 1.92 

222-1 
222-2 

10 Aug 
10 Aug 

1343 
1705 

1605 
2008 

10 
12 

1.77 
1.81 

228-1 
228-2 

16 Aug 
16 Aug 

1346 
1931 

1550 
2031 

12 
6 

1.72 
1.61 

229-1 
229-2 

17 Aug 
17 Aug 

1309 
1742 

1536 
2014 

10 
10 

1.65 
1.64 

235-1 
235-2 

23 Aug 
23 Aug 

1655 
1939 

1834 
2134 

9 
6 

1.68 
1.79 

237-1 25 Aug 1745 1756 2 1.79 

241-1 
241-2 

29 Aug 
29 Aug 

1553 
1921 

1800 
2128 

8 
7 

1.78 
1.62 

242-1 
242-2 

30 Aug 
30 Aug 

1447 
1831 

1704 
1926 

9 
6 

1.72 
1.59 

243-1 31 Aug 1410 - 1 1.74 

249-1 
249-2 

6 Sept 
6 Sept 

1425 
1735 

1458 
1937 

3 
9 

1.85 
1.70 

250-1 7 Sept 1837 2023 10 1.74 

256-1 
256-2 

13 Sept 
13 Sept 

1438 
1820 

1514 
2024 

4 
8 

1.71 
1.62 

mean = 1.74% 
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Fig. 3. Variation of radar cross section with local 
zenith angle X for three operating periods. Straight 
line shows theoretical dependence assumed (Eq. (8)]. 
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B. Corrections 

The values obtained for the cross section when plotted as a function of the local zenith angle 
X  (Fig. 3) exhibit the twin effects of terrestrial atmospheric extinction and the systematic varia- 
tion of antenna gain with elevation noted earlier.    '       The zenith angle dependence appears to 
be slightly different from that found previously,  due,  probably,  to increased atmospheric ex- 

tinction encountered in summer when the humidity is high.      Accordingly,  the two-way zenithal 

absorption was taken as 0.114db and an antenna sag correction was used based on measurements 
reported by Allen.       Figure 3 shows the fit of uncorrected experimental data to the combined 

extinction and sag law. 
The one-way atmospheric extinction law used was given by 

L4 = exp(-0.0131 secx)      . (6) 

The antenna sag correction could be fitted to the same form of expression and for unity correc- 
tion at 50° zenith angle 

L2 = 1.0443 exp(-0.0279 secx) • (?) 

The composite two-way correction formula used in the radar cross section computations was 
(LE)2 = (L1L2)2 or 

L2(x) = 1.09 exp(-0.082 secx)      - (8) 

By this means,  the computations of radar cross section were corrected for the effects of normal 

atmospheric attenuation and antenna gain variations with elevation angle. 
On days during which the weather is adverse,   rain and heavy clouds can cause excess at- 

mospheric attenuation of considerable variability.    Fortunately, during the CW Hayford series 
of experiments,  a correction for weather attenuation was required for only 2 days,   3 and 10 Au- 
gust.    The system temperature measured after each run was used to estimate the excess tem- 
perature caused by the weather conditions.    This excess was taken as the difference between the 
measured temperature and the normal value of 7 5°K experienced with the receiving system 
during this period.    The excess temperature was assumed to be due to attenuation in a 290 °K 
atmosphere of a source outside the atmosphere having a temperature of 20 °K (see Ref. 11).   The 
resulting attenuation factor L   was used in the radar cross section computations on 3 and 

10 August to make .a first order correction for weather.    The maximum correction was only 
5 percent of the derived cross section, so that a large error should not arise. 

C. Accuracy 

During the series of Hayford CW measurements,  the signal-to-noise ratio was extremely 
high for a planetary radar type of measurement.    The primary sources of error in estimating 
the radar cross section of Venus are,  therefore,   principally the uncertainties in the radar sys- 
tem parameters,  especially those that varied during the course of a run, such as the trans- 
mitted power,  system temperature,  or the antenna pointing.    Table IV lists the uncertainties 
that have been assigned to each of the radar parameters.    Two values are given — the absolute 

uncertainty of each parameter and a relative value indicating the accuracy to which the parameter 

can be expected to change from run to run without detection.    Because of the fact that the radar 
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TABLE IV 

ESTIMATED ACCURACY OF RADAR PARAMETERS 

Parameter 

Uncertainty (percent) 

Relative Absolute 

Antenna gain G 

Antenna aperture A 

Transmitter power P 

System temperature T_ 

System losses L 

Extinction correction Lp 

0 

0 

±10 

±10 

0 

±2 

±20 

±20 

±20 

±20 

0 

±5 

11 

system could not be operated against targets at short ranges,  no direct radar system sensitivity 
measurements on calibration spheres or similar targets were possible. 

Determination of the antenna performance was based upon radio astronomical observations. 

Strictly speaking,  these measure the antenna performance with the receiver waveguide config- 
uration slightly different from that used in the CW radar mode.    The transmitter uses a wave- 
guide system that is not common to the receiving path except close to the antenna horn feed, and 
an extra transmit line loss of 0.5db was included in the computations of radar cross section to 
account for this difference.    The value of the antenna gain (66.1 db) used for the computation of 
a is believed to have an uncertainty of ±20 percent at most.    Any inaccuracy in the pointing due, 
for example,   to antenna servo perturbations would serve to lower the effective antenna gain. 

However,  the accuracy of the pointing was checked radiometrically so that considerable con- 
fidence could be placed in the pointing ephemeris,  and the servo tracking. 

The transmitter output power was monitored by calibrated power meters.    The accuracy of 

this monitoring system was checked with calorimetric heat measurements and knowledge of DC 
transmitter input power and klystron efficiency.    The actual measurement accuracy available 

with this monitoring system is better than indicated in the table.    However, because the value 
logged by the operator was not the mean value for the entire run, we are forced to assign a 
larger uncertainty.    Early in the day,   for example,  the power would build up during the transmit 

period.    There were also some runs during which there were momentary shutdowns pf RF power, 
typically for 10 seconds,  which were not always logged.    Both of these effects would result in 
an overestimate of the average power in the logged values.    The radar operating procedure has 
since been modified to identify specifically those runs free of this type of problem,   and hence 
valid for cross section measurement.    Runs during the Hayford experiment where this type of 
problem was identified were eliminated from the computations. 

The measurement of system temperature was crucial in the calibration of the output spectra 
and hence in the measurement of radar cross section.    The system temperature was measured 

by injecting a known level of noise into the receiver from a gas discharge source.    The injection 
level of the noise source had been previously calibrated by substitution of hot and cold loads to 
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within an estimated accuracy of ±20 percent.    The increase in noise level in the receiver was 
measured with a precision attenuator in a "Y factor measurement" and the corresponding system 
temperature logged at the end of each run.    This is a spot measurement and can be a source of 

inaccuracy if the system temperature changes during the receive period (as would be the case 

during rain).    The temperature measurement would also be inaccurate in the presence of inter- 
ference as it was performed in a 10-MHz bandwidth while the actual data processing was limited 

to a band of the order of 1 kHz.    Also,  since the measurement was done manually during the 

press of operations,  there is the possibility of human error.    A relative uncertainty of ±10 per- 

cent is assigned to this factor. 
The limb-to-limb Doppler spread used in the calculation of the cross section (i.e.,  the value 

of B that should be employed in Eq. (3)] was obtained from previously prepared ephemerides. 

An error in the limb-to-limb Doppler value would have only a second order effect on the cross 
section measurement because of the small amount of power returned from the limbs of the planet. 

The remaining parameters in the radar equation such as bandwidth and radar round trip delay 
are known to much greater accuracy than is significant in the cross section computations. 

TABLE V 

SIGNAL-TO-NOISE COMPUTATIONS 

(Run 22804,  16 August 1967) 

Round trip delay t 312.345 sec 

Receive integration time 265 sec 

System temperature T,. 84.1°K 

Equivalent filter bandwidth 1 Hz 

Theoretical rms noise 5.17°K 

Measured 1 standard deviation 6.01°K 

Peak spectral temperature 3276°K 

Signal power sum 84,506°K 

Limb-to-limb Doppler 145.2 Hz 

Number of filters in sum  m  (Eq.(3)] 2X145 

Theoretical 1 standard deviation sum 71.3°K 

The effects of additive noise were considered and found to be insignificant except in the 

measurement of scattering law near the planetary limb.    Estimates of the effects of noise are 
given in Table V for Run 22804 on 16 August.    With a filter noise bandwidth of 1 Hz and an inte- 

gration time of 265 seconds,  the standard deviation value of the filter outputs should be 5.17 °K 
for a system temperature of 84.1 "K.    The signal sum used to estimate total signal power was 

84,500°K.    The rms uncertainty of this sum due to additive gaussian noise was computed to be 
only 71.3°K.    The self-noise of the Venus signal itself is a much greater source of error.    If 
(for the purposes of error estimate) the spectrum is assumed to be a narrow band gaussian 
function with a peak value of 3000° K per Hz and an effective bandwidth of 28 Hz,  then the rms 
uncertainty in the sum [Eq. (5)] would be about 1000 °K.    That is,  the temperature (84,500 "K) can 
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be compared with the statistical uncertainty of 1000°K, and an uncertainty due to additive noise 

of 70 °K. Thus the accuracy of the measurements is primarily limited by the knowledge of sys- 

tem parameters (see Table IV) rather than by noise. 
In summary,  the absolute system calibration accuracy (and hence the accuracy of a) is 

believed to be about ±50 percent (i.e.,  ±2db) and the relative accuracy from run to run or day 

to day about ±20 percent (i.e.,  ±1 db). 

D.    Results 

1.    Average Value at Inferior Conjunction 

The corrected cross section a obtained in the Hayford experiment for each data block is 
presented in Table III.    The mean value for the cross section is 1.74 percent of the projected 

area of the disk,  which is in close agreement with the value obtained earlier.       The values are 

plotted as a function of date in Fig. 4.    It can be seen that no significant changes in cross section 

were observed during this period.    This is similar to the behavior observed near inferior con- 

junction in 1966.    ' 
The 60-nsec coded pulse experiments provide echoes of sufficient intensity to permit an esti- 

mate of the cross section to be attempted.    Accordingly,   the echo energy with respect to delay 
and frequency was summed in order to derive P   [Eq. (1)J.    Unfortunately,  the uncertainty in the 
noise baseline makes this a somewhat inaccurate process.    In addition,   there remains the prob- 

lem of foldover of the echo in delay which requires for its removal a large and uncertain correc- 
tion.    Accordingly,  we have normalized these values to have the same mean value (1.74 percent) 
as obtained in the CW experiments and have included them,  together with the results of Fig. 4, 
in Fig. 5.    These additional points reinforce the suggestion that there is a slight dip in a between 
days 220 and 2 30, but as the error estimates above indicate, this is equally likely to be instru- 

mental in origin. 
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The average value of the cross section presented here supports the conclusion that the radar 
cross section of Venus at 3.8 cm is ~8 db lower than observed at the next highest wavelength 
(A = 12.5cm) at which measurements have been made.       As noted by earlier investigators 
it seems extremely unlikely that this large difference can arise from the frequency dependence 
of the reflection coefficient of the surface.    The most likely source of error in this estimate 
would be improper calibration of either of the two radar systems.    As noted above for Haystack, 
the absolute calibration is believed to be accurate to ±50 percent,  and the day-to-day repeat- 

ability somewhat better than this.    It is thought that the calibration of the JPL radar has been 
carried out to an accuracy of better than ±2db and thus the cross section difference is 8 ± 3 db. 

2.    Average Value for 1967 

The range of planetary longitudes spanned by the results presented in Fig. 5 is quite small 
(~60°) due to the fact that the apparent angular velocity of the planet is least at inferior conjunc- 
tion.    Unfortunately it was not possible in this set of observations to examine the longitudes 
covered in 1966 at which the cross section was seen to increase.    Some CW measurements were 
made in April 1967.    These contained fewer runs than in the Hayford measurements and are 
probably less accurate.    These observations yielded the cross section values summarized in 
Table VI.    The average of these is 1.5 3 percent,  i.e.,  somewhat less than the average value 
observed near the inferior conjunction (Table IV) but this may not be significant.    The average 

for all the observations in 1966 is 1.69 ± 0.14 percent where the uncertainty quoted is the rms 

deviation from the mean.    The absolute uncertainty is,  however,  probably somewhat larger as 
noted above. 

TABLE VI 

CW MEASUREMENTS OF RADAR CROSS SECTION 

Block Date 
Time (GMT) 

Percent 
No. (1967) First Last No. of Runs Cross Section 

100-1 10 April 2059 2142 2 1.33 

102-1 12 April 1746 1912 3 1.45 

103-1 13 April 1815 - 1 1.34 

104-1 14 April 1913 2119 4 1.76 

111-1 21 April 1933 2055 3 1.76 

116-1 26 April 2055 2215 3 1.50 

207-1 26 July 1825 1910 4 1.54 

mean = 1 .53% 

3.    Cross Section vs Longitude 

Table VII summarizes all the 3.8-cm CW cross section measurements obtained to date at 
Haystack together with the coordinates of the subradar point at noon on these days.    A single 
value is given for each day's observation,  which in the case of the results presented in Table IV 

is simply a mean of any two values listed.    The earlier values are those presented in Ref. 11. 
These values of cross section are plotted as a function of longitude in Fig. 6. 
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TABLE VII 

SUMMARY OF 3.8-cm CW RADAR CROSS SECTION MEASUREMENTS 

Year Date 

Subradar Position at Noon 
Cross Section 
(percent irr2) 

Longitude 
(deg) 

Latitude 
(deg) 

1966 18 Jan 316.69 -5.61 1.74 

1 Feb 329.28 -8.07 1.32 

9 Feb 337.72 -8.27 1.61 

21 Mar 52.48 -3.45 1.77 

30 Mar 73.72 -2.26 2.51 

15 Apr 113.11 -0.41 3.50 

5 May 164.09 +1.28 1.60 

17 May 195.24 +1.94 2.75 

15 June 271.51 +2.43 2.10 

27 June 303.36 +2.26 1.75 

1967 10 Apr 2.36 -0.59 1.33 

12 Apr 7.69 -0.68 1.45 

13 Apr 10.36 -0.73 1.34 

14 Apr 13.02 -0.77 1.76 

21 Apr 31.66 -1.08 1.76 

26 Apr 44.88 -1.29 1.50 

26 Jul 266.69 +2.53 1.54 

27 Jul 268.60 +2.70 1.86 

2 Aug 279.47 +3.85 1.81 

3 Aug 281.17 +4.06 1.92 

10 Aug 292.08 +5.53 1.79 

16 Aug 299.93 +6.79 1.66 

17 Aug 301.10 +6.99 1.65 

23 Aug 307.39 +8.03 1.73 

25 Aug 309.26 +8.30 1.79 

29 Aug 312.78 +8.67 1.70 

30 Aug 313.64 +8.74 1.66 

31 Aug 314.50 +8.78 1.74 

6 Sept 319.87 +8.72 1.77 

7 Sept 320.84 +8.66 1.74 

13 Sept 327.29 +8.04 1.67 
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Fig. 6.   Cross section of Venus vs subradar longitude based on all 3.8-cm observations 
of Venus made at Haystack to date (Table VII). 

The longitude system employed here is identical to that of Ref. 1, namely,  the prime meridian 

is taken to be the one proposed by Carpenter,      i.e.,  that meridian passing 40° to the west of the 
central meridian at 0.0h U.T. on 20 June 1964.    This system was chosen to place the prime 

meridian through an isolated anomalously bright scattering region (F in Carpenter's notation). 
This region no longer lies precisely on the prime meridian when specified in the above manner, 
since Carpenter adopted a rotation period of—250 days while more recent results place it near 

— 24 3.2 days.       In Ref. 11a coordinate system employed by I. I. Shapiro and co-workers was 
employed in which the prime meridian was defined as the central meridian at 0.0 h U.T. on 
1 January 1961.    Values of longitude in this system can be recovered by adding 238.343° to the 

values employed here. 
It may be noted that though the system used here has the same prime meridian employed by 

Carpenter,     coordinates quoted in Ref. 15 will differ from those employed here because of the 
differences,   as shown below,   in the assumed rotation rate and the location of the pole position. 

1 

Pole       , 
Position-" 
Rotation 

Present System 
and Ref. 11 

6 = 66° 
a = 270° 

-243.2 days 

15 Carpenter 

6 = 68° 
a = 255° 

-250 days 

Since the latitude of the subradar point does not wander far from the equator it should be possible 
in time to build up a complete plot of cross section vs longitude.    It seems from Fig. 6 that where 
they overlap, the 1966 and 1967 values agree fairly well.    This lends support to the view that 
the increases observed between longitudes of 50° and 2 50° are real.    However,  a large effort 

is needed to obtain coverage at other longitudes. 

V. THE ANGULAR SCATTERING LAW 

A.    Mean Power Spectrum 

The echo frequency power spectra derived in the manner outlined above have been averaged 
in the following way.    First,  because the overall limb-to-limb Doppler broadening 2f varies 

n 1 ii X 
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Fig. 7. Normalized mean frequency power 
spectrum P(f/fmax) of Venus echoes observed 
in Hayford CW experiment. 
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Fig. 9. Comparison of mean frequency power 
spectra P(f/fmax) observed for Venus echoes 
in Hayford CW experiment for approaching 
and receding halves of disk. 
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as a function of time,  it is necessary to replot all the power spectra against a normalized fre- 
quency scale f/f        .    This has been accomplished by computing f for each observing block max                                                                                           max 
using the most recent estimate of the rotation period of Venus17 and dividing the echo power 

into 200 intervals spanning the range — f to +f by straight linear interpolation.    An esti- 
II i (.1 X 1113.X 

mate of the Doppler shift of the Venus echo,  based upon an examination of many spectra,  sug- 
gested that the signals recorded during this period were offset by —1 Hz with respect to the 

+ 100-Hz expected center frequency.    Accordingly,  a correction for this frequency bias was ap- 
plied before the spectra were normalized to a common frequency scale.    Later analysis indicated 

that this correction was not necessary,  but since the effect was small the data have not been 

reprocessed. 

Next a mean was taken of the cross section vs frequency a(f/f        ) curves.    In this way all " max 
runs were weighted equally,  i.e.,  variations in power due to changes in P , G,  A, or R [Eq. (1)] 
with date were removed.    This mean spectrum <r(f/f        ) was then normalized to be unity at f = 0. max 
Figure 7 shows the mean power spectrum obtained when the data from both the approaching and 
receding hemispheres are averaged.    The small scatter of the points near f/f —1.0 is in- 
dicative of the high experimental accuracy achieved in the measurements.    In Fig. 8 we compare 

14 this curve with four spectra obtained in 1966,  and the mean curve that was drawn through them. 
The agreement for 0 < f/f < 0.5 is considered good,  but thereafter the new curve departs 

1 11*lX 

systematically beneath the old. 
Figure 9 compares the signal spectra obtained for the approaching and receding halves of 

14 
the disk.    They are clearly different — an effect evident earlier.       This difference stems from 
the presence of regions on the surface that on the scale of the wavelength are rougher than their 

environs and which therefore appear bright in a reflectivity plot (see Sec. VI).    The locations 
18 19 15 of some of these features have been determined by Goldstein    '      and Carpenter      and are dis- 

cussed in Sec. VI.    During the present observing period,  anomalously reflecting areas could be 
expected principally on the receding side where B,  C and D (in Carpenter's notation) would lie. 
The reflectivity of these features with respect to the surrounding terrain can be judged approxi- 
mately from the echo peaks they produce in the spectra.    These are found to be significantly 
larger at 3.8cm than at 12.5cm,  due either to their increased effective roughness at the shorter 
wavelength,   their elevation above the surrounding terrain (and hence the reduced absorption to 

11 
their tops) or a combination of these effects.       The apparent rotation of the planet has smeared 
the contributions from these regions so that in Fig. 9 they no longer give rise to discrete features. 
In what follows the s.pectrum obtained for the approaching side is employed to derive the angular 

power spectrum,  since this is contaminated to lesser degree by reflections from anomalously 
scattering regions.    Table VIII lists values of the relative echo power observed here.    Also 

listed in this table are values (the average of both sides) obtained from the mean spectrum pub- 
lished by Muhleman      based upon observations at 12.5 cm.    At this wavelength the anomalously 
scattering regions appear less bright so that there is no pronounced asymmetry in the two halves 
of the spectrum. 

B.    Angular Power Spectrum P{<p) 

If it is assumed that the scattering properties of the planetary disk are uniform, the bright- 
ness distribution will exhibit radial symmetry about the subradar point.    The echo power spec- 
trum P(f) can then be employed to yield the echo power P(<p) reflected per unit surface area per 
unit solid angle as a function of the angle of incidence (and reflection)   <p.      Measurements and 

11 



TABLE VIII 

RELATIVE ECHO POWER VS FREQUENCY FOR VENUS 

max 
Relative Power Relative Power 

3.8 cm (approaching) 12.5 cm 

0 1.0000 1.000 
0.05 0.8445 0.660 
0.10 0.6119 0.410 
0.15 0.4094 0.270 
0.20 0.2746 0.192 
0.25 0.1872 0.146 
0.30 0.1358 0.112 
0.35 0.1007 0.0895 
0.40 0.0768 0.0720 
0.45 0.0591 0.0586 
0.50 0.0475 0.0480 
0.55 0.0373 0.0407 
0.60 0.0296 0.0342 
0.65 0.0232 0.0288 
0.70 0.0168 0.0242 
0.75 0.0114 0.0197 
0.80 0.0073 0.0157 
0.85 0.0043 0.0123 
0.90 0.0021 0.00944 
0.95 0.0010 0.00660 
1.00 0.0000 0.00190 
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Fig. 10. Mean angular power spectrum P($) 
derived from data shown in Fig. 9 for approach- 

ing hemisphere, together with points obtained 
from variation of echo power vs delay observed 

with 60- and 500-Ltsec pulses. 
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22 23 
transformations of this type for Venus were first performed by Goldstein     and Carpenter      at 

12.5-cm wavelength.    Here the transformation has been carried out using the Bessel transform 
14 21 

routine developed by T. Hagfors (private communication) that was described previously.    ' 

The result of transforming the spectrum of Fig. 9 for the approaching side (Table VIII) is shown 

in Fig. 10. 

In order to check the accuracy of the results plotted in Fig, 10, we have employed the results 

obtained for the average echo power vs delay P(t) in the Hayford Coded and Fourth Test ranging 

experiments (Sec. III-C and -D, respectively).    Here the transformation of echo power vs   <p is 

straightforward since 

cos <p = 1 - ct/2r (9) 

where t is the incremental delay (i.e.,  measured from the leading edge of the echo),  c is the 

velocity of light and r    the planetary radius.    These results are also shown in Fig. 10 after 

translating the points vertically to achieve a "best fit" to the CW curve.    The pulse data were 

useful only over the range 3° < <p < 35°.    Angles smaller than 3° cannot be explored because of 

the finite length of the pulse and the curvature of the surface.    For <p > 35° the errors become 

large owing to the inaccuracy with which the baseline could be established (see Sec. III).    In the 

range 9° < <p < 35°, the agreement between the two results shown in Fig. 10 is considered good 

and supports the procedure adopted. 

•A 

60-iittC PULSE 
3-}i-n?t«(t)| 

500-pMC PULSE 

CW RESULTS 

tnoi »moothedl 

Fig. 11. Mean angular power spectrum P($) 
derived from data shown in Fig. 9 for approach- 
ing hemisphere when no weighting is applied to 
autocorrelation function used in Bessel trans- 
formation routine. *„L 

Maf 

For (p < 9° the pulse data departs systematically above the CW result.    It is possible that 

in part this has been caused by the linear weighting applied to the autocorrelation function derived 
14 

from the mean power spectrum before the Bessel transformation is applied.      This weighting 
14 

serves to remove fine structure from P(<p) but does tend to round the peak.       Accordingly,  the 

transformation was repeated with no weighting and Fig. 11 shows the results obtained (triangles). 

A greater scatter of the points owing to the presence of unsuppressed high frequency components 

is evident in this figure but is not as pronounced as that encountered when treating the 1966 re- 
14 

suits.       Also evident from Fig. 11 is a closer agreement between the pulse and the CW data 
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TABLE IX 

RELATIVE ECHO POWER VS ANGLE OF INCIDENCE FOR VENUS 

Sin * * 
Delay 
(msec) 

Relative Powe rat 3.8 cm (db) 

(Smoothed) (Unsmoothed) 

0.00000 0 0.000 0.000 0 
0.02000 1° 9' 0.008 -0.340 -0.52 
0.04000 2°18' 0.032 -0.990 -1.27 
0.06000 3°26' 0.072 -1.552 -2.10 
0.08000 4°35' 0.129 -2.247 -2.96 
0.10000 5°44' 0.202 -3.087 -3.83 
0.12000 6°54' 0.291 -3.897 -4.79 
0.14000 8° 3' 0.397 -4.829 -5.74 
0.16000 9°12' 0.520 -5.818 -6.79 
0.18000 10°22' 0.659 -6.720 -7.78 
0.20000 11°32' 0.816 -7.671 -8.76 
0.22000 12°43' 0.989 -8.609 -9.70 
0.24000 13°53' 1.180 -9.520 -10.61 
0.26000 15° 4' 1.389 -10.468 -11.56 
0.28000 16°16' 1.616 -11.288 -12.68 
0.30000 17°27' 1.860 -12.044 -13.13 
0.32000 18°40' 2.124 -12.811 -13.90 
0.34000 19°53' 2.406 -13.524 -14.61 
0.36000 21° 6' 2.708 -14.243 -15.33 
0.38000 22°22' 3.030 -14.915 -16.01 
0.40000 23°35' 3.372 -15.542 -16.63 
0.42000 24°50' 3.736 -16.194 -17.28 
0.44000 26° 6' 4.120 -16.835 -17.93 
0.46000 27°23' 4.528 -17.471 -18.56 
0.48000 28° 4' 4.958 -18.009 -19.10 
0.50000 30° 0' 5.412 -18.463 -19.55 
0.52000 31°20' 5.891 -18.968 -20.06 
0.54000 32°41' 6.396 -19.504 -20.59 
0.56000 34° 3' 6.928 -20.040 -21.13 
0.58000 35027« 7.489 -20.541 -21.63 
0.60000 36°52' 8.080 -21.008 -22.10 
0.62000 38°19' 8.702 -21.480 -22.57 
0.64000 39°48' 9.357 -21.907 -23.00 
0.66000 41°18' 10.048 -22.354 -23.44 
0.68000 42°51' 10.778 -22.906 -24.00 
0.70000 44°26' 11.548 -23.515 -24.61 
0.72000 46° 3' 12.363 -24.172 -25.26 
0.74000 47045* 13.226 -24.898 -25.99 
0.76000 49°28' 14.143 -25.676 -26.77 
0.78000 51°16' 15.118 -26.488 -27.58 
0.80000 53° 8' 16.160 -27.354 -28.44 
0.82000 55° 5' 17.276 -28.283 -29.37 
0.84000 57° 8' 18.479 -29.259 -30.35 
0.86000 59°19' 19.784 -30.342 -31.43 
0.88000 61°39' 21.211 -31.599 -32.69 
0.90000 64° 9' 22.790 -33.078 -34.17 
0.92000 66°55' 24.566 -34.648 -35.74 
0.94000 70° 3' 26.616 -36.106 -37.20 
0.96000 73°44' 29.088 -37.940 -39.03 
0.98000 78°31' 32.360 -41.180 -42.27 
1.00000 90° 40.399 -92.999 -94.09 
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(cf. Fig. 10).    By using the curve obtained without smoothing (Fig. 11) in the range 0 < sin <?< 0.2 

together with the smoothed data (Fig. 10) for 0.2 ^ sin <p < 1.0 we have obtained what we believe 

is the best curve available for P(<p).    This is shown as the full curve of Fig. 11 and values taken 

from this curve are listed in Table DC. 

C.    Effects of Refraction in the Atmosphere of Venus 

The method of obtaining the angular scattering law P(<p) employed here involves the assump- 
tion of the rectilinear propagation of waves reflected by a solid body in rotation.    The presence 

of the atmosphere of Venus can influence the results in a number of ways.    The atmosphere will 

refract waves toward the local normal as shown in Fig. 12,  thereby reducing the angle  <p at 
24 

which they encounter the surface.       In addition,  since the refractive index of the atmosphere 

differs from unity and because the path is now curved, the total time delay will also be changed. 

In this section we discuss these effects in order to estimate the extent to which they have modi- 
fied the function for P(<p) obtained. 

The effects of refraction in deep planetary atmospheres have been discussed by Phinney and 
Anderson      among others.    It is useful to define an impact parameter p = nr sini (Fig. 13) which 
is constant along any ray,  by Snell's law.    Here n is the refractive index at any point along the 
path and varies from n = 1 at a point r - rw sufficiently distant from the planet to n = n   at the 

r                                       7 

Fig. 12.   Wave refraction in atmosphere of Venus. 

i3-fl-not»i)| 

Fig. 13.   Bending of single ray in atmosphere of Venus. 
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surface (r = r ).    As may be seen in Fig. 13,  p is the radial distance from the center of the disk 

to the point  P at which the ray would arrive in the absence of any atmosphere.    It follows that 

p = rQ sin <pp (10) 

When refraction takes place,  the ray arrives instead at  P' having been bent through the angle e. 

At the surface 

p = ronssin<ps (11) 

where cp    is the local zenith distance to the ray.    From Eqs. (10) and (11),   it follows that 

sin <p    = sin q> /n (12) s p    s 

The optical path length encountered by the ray while traversing the atmosphere from a plane 

of constant phase in front of the planet down to the planetary surface is 

R ■tt 
2+   2 

r°° P      ndr 
COS 1 

(13a) 

■a °P    n[l-(p/nr)2]-l/Edr      . (13b) 

In the case of pulse observations,  these effects will serve to change the relationship between 
<p and delay t [Eq. (9)].    In Fig. 13,  for example,  signals returned from a point  P1 would be 
assigned an angle of incidence </>p, (neglecting the additional delay due to path curvature).    Actu- 

ally,  the local angle of incidence will be <p   and the error 
s 

*P- - *s = e (14) 

The additional delay encountered in the atmosphere due to bending and the increased re- 
fractive index will depend upon the impact parameter  p and will serve to raise the incremental 

delay t for rays traversing the atmosphere obliquely. 
This will increase the value of <ppl,  deduced via Eq. (9), 
and hence the net error in the assumed angle of inci- 
dence will be somewhat larger than e. 

The effect of atmospheric refraction on estimates 
of the scattering function P(<p) derived from CW ob- 

servations is conceptually less straightforward.    Pro- 

vided the atmosphere is uniform over the disk,  contours 

of constant delay drawn on the disk appear as concentric 
circles whether or not refraction takes place.    What 
is changed is the relationship between   <p and the size 
of the circle.    For spectral data,  however, the contours 
of constant Doppler shift are no longer of the same 
shape.    To illustrate this point,  the ray to  P shown in 

Fig. 13 is redrawn in Fig. 14 where one quarter of the hemisphere visible from earth is shown. 
Here,  OZ is the direction of the earth,  and the plane OXY contains the apparent spin axis.   When 

Fig. 14.    Geometry for calculating 
Doppler shift of reflected ray. 
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projected upon the plane OXY, the point P lies at (xy).    Ln the absence of any atmosphere, the 

Doppler shift encountered for the ray reflected at P will be 

Afp-Ä(dF) 

+ 2wr    cose sin <p 

(15a) 

(15b) 

where CJ is the apparent angular velocity and it is assumed that P lies on the approaching half 
of the disk.    The locus of points on the projected disk having the same Doppler shift is set by 

r   cosG sin <p = const i.e.,       x = const 

Thus,  in the absence of an atmosphere,  the disk may be imagined as ruled by lines parallel to 
the projected spin axis,  each of which is a locus of constant Doppler shift (Fig. 15(a)].    When 
atmospheric refraction is present,  the ray approaches the surface as shown in Fig. 13 and ar- 
rives at the point  P' lying at (x'y') on the projected disk.    The Doppler shift is again given by 
Eq. (15a) and may be considered the sum of two terms,  viz.,  (1) a term akin to Eq. (15b) repre- 
senting the velocity of approach of the reflection point,  and (2) a term which depends upon the 

rate of change of additional phase path length due to the presence of the atmosphere.    Since the 
additional phase path length increases approximately as sec <p,  this second term is likely to 
dominate as <p —90°.    The first term is 

Shift due to motion 
of reflection point 

2ur    cose sin <p o s 

Since <p   and e  are related in Eq. (14),  this can be written as 

2wr   cos e sin <ppl cos € 
= X 

(16) 

(17) 

for small e. 

Evidently,   if the bending of the rays were the only effect,  the condition of constant Doppler 
shift would be 

cose sin </?p, cose - const 

.*.    x' cos € = const 

and the contours of constant Doppler shift would now be "bowed" as shown in Fig. 15(b).    Under 
these circumstances,  the Bessel transformation routine employed to convert P(f) to P(<p) must 

U-3I-1I07UD1 

Fig. 15.    Schemotic representation of contours 
of constant   Doppler   shift  on   disk of  Venus 
(a) in absence of   atmosphere  refraction   and 
(b) with severe refraction effects. 

(a) (b) 
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be invalid.    However,  for small frequency shifts, the echo power spectrum P(f) is dominated by 
the behavior near the subradar point dp small),  and thus it seems likely that the curves shown 
in Figs. 11 and 12 are not seriously in error for   <p less than some value  <p        .    As an order 

n i ci x 
of magnitude estimate, we shall suppose that Venus has a COy atmosphere (refractivity of CO^ 

is ~1.5 times that of air), with a surface pressure of 100 atmospheres.    For small  <p then, 

<Venussl50Wth     • ,18) 

For a zenith distance on earth <p - 60 °,  e = 1.6 arc min,  and thus on Venus would be of the order 

of 4°.    Thus,  if the change in the zenith distance to the ray were the only effect,  it would seem 

that the curve for P(<p) would be valid to (p « 60°.    In point of fact,  the rate of change of additional 

path length (second term) serves to oppose the reduction in the Doppler shift brought about by 

the decrease in the zenith distance.    This is because the pTiase shift is largest for those paths 
that traverse the atmosphere obliquely.    In order to make accurate estimates of the combined 
effects,  it is necessary to adopt a model for the properties of the atmosphere and solve Eq. (13) 

by numerical means.    Such calculations have been carried out at M.I.T. (I. I. Shapiro,   private 
communication) and confirm that the curve for P{<p) is valid over 0° > <p > 60°. 

D.    Absorption by the Atmosphere of Venus 

The low value of the cross section reported here and found earlier    '      suggests that the 
signals reflected at 3.8 cm have been attenuated in the atmosphere of Venus.    This will cause the 

intensity for any ray to be reduced by a factor exp(—2T) where T is the "optical depth" defined in 

T =   \      K sec <pdh d9) 

where K is the absorption coefficient per vertical height element dh and  <p the local zenith angle. 
Since most of the energy is reflected from the center of the disk,  we may write to a first 
approximation 

a = <r   exp(-2r  ) (20) o      r o 

where a    is the intrinsic cross section (observable in the absence of an atmosphere) and T    = 
J°° Kdh.    In the absence of refraction,  the observed scattering law P(</>) will be modified from 

the intrinsic law P (<p) by absorption as in 

P(<p) = P ((p) exp(-2r sec <p)      . (21) 

If P (<p) were known from theory or some other way,  the optical depth T could be determined 
° 14 from the secant dependence in Eq. (21).    Previously      we attempted to circumvent the difficulty 

that P (<p) is unknown by comparing curves of P(<p) obtained at two frequencies.    Thus the mean 
° 20 power spectrum results for 12.5 cm (Table VIII) published by Muhleman      were transformed to 

obtain P(<p) by the same method as for the 3.8 cm results.    Figure 16 compares the two curves. 
These (smoothed) values for P(<p) at the two frequencies are also listed in Table X. 

If the scattering properties of the surface of Venus at 3.8 and 12.5 cm were identical and 
the atmosphere introduced only absorption, we would expect the scattering laws P{<p) observed 

2H 



UJ   _24_ 

13-31-10963(1) | 

\v 

- 
\v 

^w 
^^S.           .. A * 12 5 cm 

— NV^ 
\^v. 
\ ^s. 
\\. \ ^v 

^~\ \ A-3 8cm-"^    \       X. 
\   X 
\   \ 
\   \ 
\   » 
\ 
\ 

~■ \ 
1 1        1       1      1    1   1 \ 

20 30 40 

4> (deg) 

50        60     70 80 

I L J L 
0.4 0.6 

SIN* 

Fig. 16.   Comparison of angular scattering laws P($) derived from the mean 
frequency power spectra p(f/fmax) observed at 3.8 cm and 12.5 cm. 

•14 at the two wavelengths to be related in 

10 [logd0 P(<P)12#5-log10 P(<P)3>8J = 2Asec<p (22) 

where A is the difference in the one-way zenithal absorption (db) in the Venus atmosphere at 
the two frequencies.    When the effects of refraction are considered (above) this equation may be 

expected to break down.    However,  since the ray paths are the same at both frequencies, the 
difference in the two curves (Fig. 16) should be relatively insensitive to refraction effects at 

least up to <p < <Pmax. 
Since the effect of the smoothing applied in the Bessel transformation is unimportant for 

sin</? > 0.1 and further because both spectra have been treated equally,  no attempt has been made 
to recover the behavior near <p — 0°.    The difference shown in Fig. 16 is therefore not due to 
any smoothing but is a direct consequence of the more rounded peak of the 3.8 cm spectrum 

(Table VIII).    This may represent a genuine difference in the intrinsic scattering behavior P (<p) 

at the two wavelengths (see Sec. V-E), but also probably results from the variation of P{<p) with 

the nature of the surface at the subradar point.    As observed in 1966      (see Fig. 8) the behavior 

near P(f) = 0 does change with time.    Thus the two curves have been adjusted to agree near 
sin<p = 0.2. 

Figure 17 shows the difference between the two curves of relative echo power plotted in 
Fig. 16 as a function of sec<p.    Over the range 20° < <p < 60°,  the results fit a straight line quite 
well with the dependence 2A = 4.8 db.    When the same comparison was attempted in 1966,     values 
in the range 5 to 7 db were obtained.    The largest uncertainty was in the function P(<p) derived 
at 3.8 cm and confidence in the results was not high because the secant law,   Eq. (22),  was not 
obeyed as well as here. 
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TABLE X 

RELATIVE ECHO POWER VS ANGLE OF INCIDENCE FOR VENUS 

Delay 

(Smoothed Data) 

Relative Power Relative Power 
Sin * • (msec) for 3.8 cm (db) for 12.5 cm (db) 

0.00000 0 0.000 0.000 0.000 
0.02000 1° 9' 0.008 -0.340 -0.245 
0.04000 2018' 0.032 -0.990 -0.958 
0.06000 3°26' 0.072 -1.552 -2.058 
0.08000 4°35' 0.129 -2.247 -3.388 
0.10000 5°44« 0.202 -3.087 -4.721 
0.12000 6°54« 0.291 -3.897 -5.884 
0.14000 8° 3' 0.397 -4.829 -6.891 
0.16000 9°12' 0.520 -5.818 -7.879 
0.18000 10°22' 0.659 -6.720 -8.915 
0.20000 11°32' 0.816 -7.671 -9.915 
0.22000 12°43' 0.989 -8.609 -10.752 
0.24000 13°53' 1.180 -9.520 -11.432 
0.26000 15° 4' 1.389 -10.468 -12.094 
0.28000 16°16' 1.616 -11.288 -12.829 
0.30000 17°27' 1.860 -12.044 -13.586 
0.32000 18°40' 2.124 -12.811 -14.247 
0.34000 19°53' 2.406 -13.524 -14.791 
0.36000 21° 6' 2.708 -14.243 -15.318 
0.38000 22°22' 3.030 -14.915 -15.912 
0.40000 23°35' 3.372 -15.542 -16.533 
0.42000 24°50' 3.736 -16.194 -17.087 
0.44000 26° 6' 4.120 -16.835 -17.561 
0.46000 27°23' 4.528 -17.471 -18.049 
0.48000 28° 4' 4.958 -18.009 -18.617 
0.50000 30° 0' 5.412 -18.463 -19.211 
0.52000 31°20' 5.891 -18.968 -19.712 
0.54000 32°41' 6.396 -19.504 -20.100 
0.56000 34° 3' 6.928 -20.040 -20.479 
0.58000 35°27' 7.489 -20.541 -20.936 
0.60000 36°52' 8.080 -21.008 -21.438 
0.62000 38°19' 8.702 -21.480 -21.882 
0.64000 39°48' 9.357 -21.907 -22.245 
0.66000 41°18' 10.048 -22.354 -22.611 
0.68000 42°51' 10.778 -22.906 -23.051 
0.70000 44°26' 11.548 -23.515 -23.533 
0.72000 46° 3' 12.363 -24.172 -23.975 
0.74000 47°45' 13.226 -24.898 -24.373 
0.76000 49°28' 14.143 -25.676 -24.820 
0.78000 51°16' 15.118 -26.488 -25.382 
0.80000 53° 8' 16.160 -27.354 -26.007 
0.82000 55° 5' 17.276 -28.283 -26.595 
0.84000 57° 8' 18.479 -29.259 -27.129 
0.86000 59°19' 19.784 -30.342 -27.705 
0.88000 61°39' 21.211 -31.599 -28.388 
0.90000 64° 9' 22.790 -33.078 -29.199 
0.92000 66°55' 24.566 -34.648 -29.838 
0.94000 70° 3' 26.616 -36.106 -30.686 
0.96000 73°44' 29.088 -37.940 -32.038 
0.98000 78°31' 32.360 -41.180 -34.517 
1.00000 90° 40.399 -92.999 -77.691 
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Fig. 17. Difference between curves 
of relative echo power plotted in 
Fig. 16 as a function of sec <p. 
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E.    Theoretical Behavior 

Hagfors      (among many others) has discussed the scattering behavior of planetary surfaces 

at radio wavelengths.    For many surfaces in which the auto-correlation function describing the 

horizontal variation of surface height is exponential,  the power scattered per unit mean surface 

area per unit solid angle as a function of the angle of incidence   <p on the mean surface is of the 

form 

P(<jp) « (cos   <p + C sin   <p]~ ' (23) 

where C = (d'A/47rh   )    is a constant in which d' defines the horizontal correlation scale, X  is the 

wavelength and h2 is the mean square height deviation of the surface. 

The scattering of the moon and Venus can be characterized by two components.    One obeys 
27 28 a law of the type given in Eq. (23) and the second, showing less angular dependence,    "       is 

PM a cos '    <p (24) 

27 

These components have usually been termed quasi-specular and diffuse,  respectively.    The 

diffuse component has been attributed to structure on the surface comparable in dimension to 

the wavelength (e.g.,  boulders) which is capable of scattering into all angles.    Since the diffuse 

component appears to be responsible for all the echo power for <p > 50° in the case of the moon 
28 — and <p > 60" for Venus,     it would be unreasonable to expect Eq. (23) to describe P(<p) for all  <p 

even neglecting absorption and refraction effects discussed above. 
24 

The parameter C is related to the mean surface slope,     and a number of workers have 

attempted to find values of this constant by matching the law to the experimental results.    Differ- 

ent values are obtained if one first attempts to subtract out the diffuse component of the power. 

If this is neglected,  then the value obtained is usually a lower estimate.    In the case of Venus, 

however,  the error should not be large since only -10 percent of the echo power is associated 
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TABLE XI 

VALUES OF THE PARAMETER C 

X 
(cm) 

Value of C 
(Moon) References 

Value of C 
(Venus) References 

600 165 29 

68 95 30 120 29 

43 120 29 

23 65 30 200 29 

12.5 120 29 

3.8 40 30 75 this paper 

with this component.    Table XI gives values of C for the moon and Venus neglecting the contri- 
bution of the diffuse component. 

The value of C = 200 at 23 cm for Venus is probably too high.    The curve for P(<p) employed 
in this comparison was constructed by joining curves of P(t) obtained with various pulse lengths. 
Strongest and sharpest echoes probably weighted the mean near t — 0 to produce a more rapid 
fall-off than normally observed.    On the other hand,  the values obtained at the other wavelengths 
are probably lower limits because the resolution against Venus was in general poorer than for 

28 the 23-cm observations.       It is nevertheless evident that the value of the parameter C is higher 
for Venus than the moon at all wavelengths.    Also,  the value for Venus appears to be less de- 

pendent on wavelength to the accuracy of the present observations.    We have therefore been in- 
terested in attempting to derive a value of C  from the present observations.    For this purpose 
we have computed theoretical curves of P(<p) according to Eq. (23) modified for the effects of 
atmospheric absorption as in Eq. (21),  and compared these with the mean curve of Fig. 11.    Fig- 
ure 18(a-d) shows examples of such curves computed for various values of C  and the one-way 

absorption.    It can be seen that the absorption controls the behavior in the region <p > 30°,  i.e., 
in a region where the theory is beginning to break down.    It follows that this is not a reliable 
method by which to estimate the optical depth T  [Eq. (21)];  however,   it is also evident that the 

value of C derived should not be too sensitive to the assumed value of the absorption.    Based 
upon this comparison we estimate that at 3.8 cm the appropriate value of C   is ~75.    The fit 
between the theory and experimental points is shown in Fig. 19.    Thus there does appear to be 
a wavelength dependence in the average scattering properties of Venus and a crude relation be- 

ZH 

tween the moon and Venus is the supposition that C(X) =  \ C(X) moon Venus' 26.30 The relationship between C and the rms slope of the surface is far from straightforward. 
There are difficulties associated with defining what is really meant by a slope when the surface 
is described by an exponential auto-correlation function and the horizontal scale over which the 
sampling is carried out is unknown.    Thus in early papers (e.g.,  Ref. 31),  a crude estimate of 

2 2 the rms surface slope was obtained from the parameter C = [d'X/47rh   ]    by somewhat arbitrarily 
setting X = d'.    When this is done for Venus,  a mean slope of the order of 5° is obtained at 
X > 23 cm and ~6° at X = 3.8 cm.    Actually,  as shown in Ref. 30 for the case of the moon,  the 
horizontal scales of importance in determining the effective slope sampled by the wave extend 

down to the size of the wavelength;  thus this approximation has perhaps some justification. 
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However,   it is also shown in that reference that the effective scale length changes with the angle 
of incidence  <p.    That is,  the effect of the wavelength is to filter out certain components of the 
spectrum of surface roughness in a way which depends upon  <p.    Thus the ratio between the 
effective vertical and horizontal scales h and d*  is approximately 

e _ cos (P 
de       -sTZC 

The rms slope averaged over all possible directions over the surface 0 

(25) 

*.™o    1S   *&&/&.     thuS rms e    e 

e       » coa<f     . 
rms        ^ 

Substitution into this expression of the values of C given in Table XI leads to rms slope estimates 
close to those cited above. 

VI.   MAPPING OF ANOMALOUSLY SCATTERING REGIONS 

A.    Introduction 

As noted in the previous section,  there appear to be regions on the disk of Venus that reflect 
radio waves markedly better than their environs.    The locations of these anomalously bright 

15 18 19 features have been examined by workers at the Jet Propulsion Laboratory    '     ■      and the Arecibo 
32 Ionospheric Observatory.       At JPL the existence of these regions has been evident from the 

appearance of "features" in the radio frequency power spectra.    These features persist from 
day to day and are seen to move from high to low frequencies in a manner consistent with their 
being attached to a solid body in rotation.    By determining the time history of the Doppler shift 

18 19 15 of each feature,  both Goldstein    '      and Carpenter      have been able to locate some of the regions 
on the disk.    In some cases,  however,   there is uncertainty in the position either because differ- 

ent features are seen to "blend" or because the ambiguity between northern and southern hemi- 
spheres cannot be removed. 
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14 Spectra obtained at Haystack in 1966     at 3.8-cm wavelength displayed features similar to 
1114 

those observed by JPL.    '       (These provided one of several arguments that the 3.8-cm waves 
were indeed reaching the surface of Venus.) 

The technique employed at Arecibo has been to divide the echo power both with respect to 

delay and frequency — so called range-Doppler mapping. Since the delay defines an annulus 
on the projected disk, and the Doppler shift (in 
the absence of refraction) a line parallel to the 

projected apparent axis of rotation (see Fig. 14), 
the echo power associated with given delay and 

Doppler shift corresponds to the sum of the 
powers reflected from two regions, i.e., cen- 
tered on (x, y) and (x,-y). It follows that, if the 

projection of the apparent rotation axis changes 
with time, the power from a given region on the 
surface will be summed with that from a re- 
gion in the opposite hemisphere which wanders 
over the disk. Thus the ambiguity associated 
with the identification of the hemisphere con- 
taining an isolated bright region may be removed 
(Fig. 20). 

Neither technique described here permits 
an unambiguous map of the reflectivity to be ob- 
tained for the entire disk. For this reason the 
interferometer experiment outlined in Sec. I was 
conceived and carried out. Unfortunately, the 
orientation of the baseline joining the two antenna 
systems employed in the interferometer meas- 
urements was somewhat unfavorable. When 
taken together with restrictions on the permitted 
hours of observation,  this conspired to cause the synthesized antenna pattern to have large side- 
lobes.    As a result,  the best maps of the reflectivity variation were obtained by combining the 
interferometric resolution with delay Doppler mapping accomplished with the 500-nsec coded 
pulse.    From this work,  eight anomalous regions were identified,  four of which were considered 
reliable,  and four somewhat uncertain.    Five of these regions corresponded to features observed 
by JPL. 

In this section we attempt to extend this work using the 60-jj.sec coded pulse observations, 
and conclude with a discussion of the possible nature of these anomalously scattering regions. 

B.    Short Coded Pulse Observations 

1.    Delay-Doppler Mapping 

The technique of delay-Doppler radar mapping has been discussed elsewhere (for example, 
see Ref. 21),  but in order to make this report generally self-sufficient,  a brief discussion of the 
procedure is included here.    Delay-Doppler mapping effectively permits the radar return from 
a set of transmitted coherent pulses or its equivalent demodulated pseudorandom coded signal 

ANNULUS OF 
DOPPLER SHIFT  f 

Fig. 20. Quadrant of hemisphere shown in Fig. 14 
redrawn as part of whole sphere. Annuli of constant 
delay (t) and Doppler shift (f) are shown which in- 
stantaneously confine the received signals to those 
reflected from  P and  P'. 
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to be decomposed by spectral (that is Fourier series) analysis and range gating.     When this is 

done all received elements of power are functions of two spatial coordinates on the body.    In the 
case of a distant planet,  these are annuli of constant delay and frequency as shown in Fig. 20. 

Unfortunately,  with such a coordinate system there is an inherent ambiguity.    As an example, 
it can be seen from Fig. 20 that elements  P and  P' in the upper and lower hemispheres,  re- 

spectively, have the same delay and Doppler frequency coordinates.    Therefore,  if no other 
measures are taken, the information from the lower hemisphere is folded into the upper hemi- 

sphere and vice versa. 

One approach to deriving information from the plots in the face of this ambiguity relies upon 

the fact that the orientation on the disk of the projected axis of rotation changes from day to day 

(Fig. 20),  as does the position of the disk subradar point,  so that in time different regions on the 
planet become conjugate to each other.    Thus an isolated feature that has been properly identified 
as to hemisphere will remain fixed in planetary coordinates while an incorrect identification 

produces a coordinate location that appears to move from day to day.    This technique requires 
that the Doppler axis orientation change considerably from day to day.    In the case of Venus 
near inferior conjunction this condition is met only marginally as the maximum change in orien- 
tation over the period of observation is less than 10°. 

2.    Short-Coded Pulse Observations 

Two types of coded pulse observations were carried out as outlined in Sec. III.   The 500-nsec 
pulse measurements were incorporated in the mapping analysis reported in Ref. i.    The short 

(60|isec) pulse observations were carried out primarily to provide accurate flight time estimates 

for the planet (Sec. III-D) and consequently only provided coverage of a small region at the center 

of the disk. 

In these measurements a pseudorandom phase reversed code of 63 elements with a baud 
length of 60 HLsec was transmitted.    The received signal was sampled in range delay at intervals 
of 30nsec.    Only 32 of the possible 126 range boxes were demodulated and analyzed.    For each 
of these 32 range boxes,   64 complex voltage samples spaced 15.120 msec apart were taken.    The 

»urier series coefficients resulting from the spectral analysis of this time series were 
obtained yielding a spectral resolution of (64 x 0.01512)"    = 1.033 Hz.    An ensemble average of 

these coefficients was obtained over a block or series of blocks in any one day providing a com- 
plex two-dimensional delay-frequency data array of 64 frequencies by 32 delays.    The power 

was obtained from the squared modulus of the complex coefficients. 
Since there is a marked variation of brightness over the planetary disk owing to the in- 

trinsic scattering law (Sec. V),  it is necessary to convert the echo power vs delay and Doppler 
shift to a reflectivity map over the disk in a way which emphasizes the contrast between the 

anomalous regions and their environs.    The steps in the data processing required to achieve 
this are: 

(a) A map consisting of the total power distributed in cells of range delay 
and Doppler frequency shift is obtained as described above. 

(b) An estimate of the system noise level is obtained by averaging the 
power in the delay-frequency cells preceding the planetary echo in 
range.    This estimate of noise level is subtracted from the delay- 
frequency map values so that statistically the map represents an 
estimate of planetary echo power alone. 
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(c) The echo power in each cell is divided by the area on the surface con- 
tributing power to its delay-frequency cell in order to obtain the power 
per unit area.    In this way the effects of differences in the surface areas 
associated with the cells are removed (see p. 38). 

(d) Next,  the effect of the mean surface slope is removed.    This is done by 
dividing the power per unit area associated with each cell [obtained in 
step (c)] by the amount of power expected for that angle of incidence 
based upon an empirical scattering law. 

(e) These normalized values of brightness are next assigned to planetary 
positions and given spatial smoothing (see below). 

(f) Finally,  the relative brightness vs position is displayed and photographed. 

Conversion of the echo power per cell to echo power-per-unit projected area [i.e.,  step (c)] 
was achieved by dividing the power by the area associated with each delay-frequency cell given by 

A = I(z2, xrx2)- I(z1.x1, x2) (26) 

with 

I(z,x1,x2)=   \       arcsin  /  

where 

2       2 
dx (27a) 2 

x 

Y2 
+ arc sin 

N/l-X      Vl — Z   Jxj 
(27b) 

z.  = z + Az/2 

z2 = z — Az/2 

z = direction cosine in delay direction of center of cell 

Az = cAr/(2r   ) 

c = velocity of light 

AT = transmitted pulse length (60n.sec) 

r    = planetary radius (6055km) 

x4 =  |x| -Ax/2 

x2 =  |x! + Ax/2 

x = direction cosine in frequency direction of center of cell 

Ax = 6f/FCL 

FCL = center-to-limb Doppler 

Of = 1.033Hz. 
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Scattering law compensation [step (d)] was applied through division of the data by an empiri- 

cal planetary scattering law as a function of angle of incidence and hence range delay [Eq. (9)). 
This procedure served to bring the mean power for each range ring to a nearly uniform level. 
The small planetary surface coverage of the data (about 10°) limited the range of intensities 

encountered thus obviating the need for a precise law.    The actual law employed was that derived 
from the pulse data and shown in Fig. 10. 

The echo power per unit projected area was converted from range and frequency coordinates 
to (ambiguous) positions on the planetary disk [step (e)] in the following way.    Let  r be the cell 
number in delay and d the cell number in frequency corresponding to planetary latitude and 
longitude ß. and A .    Let a (r, d) be the normalized power density at r and d.    Then the scatter- 
ing function at ß. and A. is given by 

S(/3.,A.) =<xo(r,d) (28) 

where 

r = [d - zd)/(cAt/2ro)] + 1 (29) 

d = x ,/AX + 1 + d a o 

where 

[ ] means the integral value 

d    = frequency box corresponding to zero frequency 

xd = x2 cosy + y2 sin-y 

zd =z2 

x, = cos fl. sin A c > .1 

y2 » sin/3. 

z2 = cos/3, cos A 
J 

Some spatial smoothing was affected by subdividing the region around each planetary posi- 
tion (/3.A.) into a 3 x 3 lattice and forming the average over this neighborhood.    In this way a 
101 x 101 matrix was developed in planetographic coordinates for display purposes. 

A very precise programmable cathode ray oscilloscope was used in making the photographic 
maps.    Since the display raster has many more programmable points than 101 x 101,   the matrix 

was expanded into a 1000 x 1000 matrix by a two dimensional interpolation routine that forms 

part of the display programs available in the computer.    After the intensities were assigned one 

of 45 discrete levels,   the film was exposed to each data point separately for a length of time 

linearly related to the power.    In this way the photographs represent approximately the logarithm 
of the relative surface brightness (owing to the response of the film).    Results for the region of 
the Doppler equator where the resolution is poor were omitted in photographic data presented 
here. 
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3.    Results for the Short Coded Pulse 

Figure 21 shows the results obtained in the manner outlined above for each of the days (in- 
dicated by number).    The variation in reflectivity is presented as it would appear from the plan- 

etary pole.    In Fig. 21(a) the power is presented as functions of longitude and latitude on the 
assumption that all the energy is returned from the Northern hemisphere,  and in Fig. 21(b) on 

the assumption that only the Southern hemisphere contributes.    The scale across the bottom of 

each figure shows the longitude and the sideways displacement of the plots illustrates the change 

in the subradar longitude with time.    This method of presentation has been adopted because it 

forces genuine features to line up vertically through the plots.    The best resolution obtained in 

these measurements is for regions lying along the Doppler axis at a point farthest from the sub- 

radar point.    Table XII lists the resolution at this point in each of the runs,  and Table XIII gives 
the latitude and longitude of the subradar point at the center time of the observations.    As dis- 
cussed earlier,  ambiguity in the position of an isolated feature can in principle be resolved by 
noting the position for which it appears to be stationary in two or more photographs.    However, 
because of the small change in the orientation of the Doppler axis encountered during these 
measurements,  the identification of the hemisphere containing any feature is rather difficult. 
Nevertheless,  there appear to be some distinguishable features in a series of photographs pre- 
sented in Figs. 21(a) and (b).    Figure 22 is a marked version of Fig. 21 showing schematically 
a tentative identification of several features,  although the definite hemispheric assignment is 
not possible from these pictures alone. 

Features reported by Goldstein have been designated by Greek letters  a, ß, . .. e,  and 
Carpenter has employed Roman letters with a figure suffix to indicate alternate possible locations 
of some features,  e.g.,  D,  D2,  D3.    In Ref. 1,  reliable features were listed as Haystack I,   II, . . . 

and less reliable ones as Haystack A, B, C. ..    In order to avoid introducing yet a new system, 
we have continued that employed in Ref. 1 and hence the one bona fide feature visible in Fig. 22 
is listed as Haystack V.    Other possible identifications are given in Table XIV.    In addition to 
these bright features,  there appears to be a dark region (denoted Z in Fig. 22) centered at 
X =-67.5* and ß =-3.4°. 

C.    Spectrum Observations 

An attempt was made to supplement the results given in the previous section by examining 
the Hayford CW spectra for evidence of additional features.    In order to do this the ratio of the 

power in the normalized spectrum p<f/f
ma ) averaged over each data block to that in the mean 

spectrum obtained for the entire set of observations was plotted.    Figures 23(a-h) provide 

representative examples of these plots selected to be spaced at approximately weekly intervals. 
In each of these figures the original spectrum for the block is plotted below the ratio and it is 
evident in Figs. 23(a) to (c) that these are too noisy to permit anything meaningful to be obtained 
for the ratio in the region ±0.8 < f/f < ±1.0. max 

We next computed the positions that the features identified in Ref. 1 and in the previous 
section would be expected to occupy and marked these on the ratio plots.    Figures 23(a) to (h) 
show only the principal features Haystack I to V,  the remainder having been omitted for the sake 
of clarity.    Shown in the lower plots are the approximate positions of the features A through F 
listed by Carpenter.       It seemed evident from an inspection of this type that there are no major 
features in our observations that do not have some counterpart in those reported by JPL.    We 
therefore discontinued efforts along these lines. 
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(a) Map assuming all power is reflected from northern hemisphere. 

Fig. 21.   Maps of reflectivity vs latitude and longitude for Venus obtained with 60-psec pulses. 
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Fig. 21.   Continued. 
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TABLE XII 

RESOLUTION IN FREQUENCY AND RANGE DIRECTION 
|   ON THE DOPPLER AXIS AT A POINT* FARTHEST FROM SUBRADAR POINTt 

Day 
No. 

Resolution in Frequency 
Direction 

(km) 

Resolution in Delay 
Direction 

(km) 

199 46.0 45 

216 58.4 45 

220 63.8 45 

223 69.2 45 

227 77.9 45 

235 100.0 45 

237 105.2 45 

241 111.5 45 

243 111.4 45 

* At an angle of incidence of 11.5°. 

tThough a range gate of 30 psec was used, the resolution in range tabulated here 
corresponds to the baud length of 60 psec. 

TABLE XIII 

LONGITUDE AND LATITUDE OF SUBRADAR 
POINT  FOR MAPS OF FIG. 21 

Day Date 
Approximate 

U.T.of 

Subradar Position 

Longitude Latitude 
No. (1967) Experiment (deg) (deg) 

216 4 Aug 1800 -76.6 4.3 

220 8 Aug 2000 -70.2 5.2 

223 11 Aug 1800 -65.9 5.8 

227 15 Aug 1900 -61.0 6.7 

235 23 Aug 1230 -52.8 8.0 

237 25 Aug 1400 -50.9 8.2 

241 29 Aug 1200 -47.4 8.5 

243 31 Aug 1400 -45.7 8.6 
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Fig. 22.   Maps of reflectivity shown in Fig. 21(b) marked to show locations of features Haystack V 
(considered reliable) and Haystack  E, F, G and  H (considered probable). 

4 3 



TABLE XIV 

FEATURES OBSERVED IN THE 60-uSEC CODED PULSE DELAY-DOPPLER MAPS 

Feature 
Longitude 

(deg) 
Latitude 

(deg) 

RELIABLE 

Haystack V -73 ± 1 -1.5±0.5 

PROBABLE 

Haystack E 

Haystack F 

Haystack G 

Haystack H 

-49 ± 1 

-61 ± 1 

-70 ± 1 

-77 

+3     ±0.5 

+2     ±0.5 

+5     ±2 

+4     ±2 

D.    Nature of the Features 

A number of possible reasons can be advanced to explain the apparent brightness of the 

anomalously scattering regions.    These include: 

(1) Differences in material- i.e., the intrinsic reflectivity is higher in these 
regions. 

(2) Differences in atmospheric absorption — i.e., these regions are higher 
(or perhaps hotter) than their environs.    Since the attenuation in a CO2 
atmosphere varies as P2/T4*^,  where P  is the pressure and T  is tem- 
perature,  this will result in a reduction of the atmospheric absorption 
above such regions. 

(3) Differences in surface roughness,  the anomalously bright regions being 
rougher on average than their environs. 

The variation of the relative brightness of the features with their position on the disk can 
serve to discriminate between some of these hypotheses.    For example,  a simple difference in 
reflectivity (1) should cause the same ratio of brightness between the region and its environs 
regardless of the distance of the feature from the subradar point.    Mechanisms (2) and (3) would, 
however,  be expected to cause the ratio to increase as the feature approaches the limb.    This 
tendency is evident for several features marked in Fig. 23.    Figure 24 shows the relative bright- 

ness for the peak of the complex region ß (labelled II in our diagrams) as a function of |f/f        I. m 3.x 
The brightness of this feature appears to increase linearly with distance from the center of the 
disk,  regardless of direction.    Also shown in Fig. 24 is the longitude of the feature measured 

along the equator from the subradar point.    If atmospheric attenuation (2) were the mechanism, 

we would expect the enhancement to depend upon the secant of this angle — which is clearly not 
the case.    It is arguable,  however,  that the blending of many features makes this plot unreliable 
since the blending changes with time [Figs. 23(a) to (h)].    Accordingly we have attempted a similar 
plot using the feature A of Carpenter's list.    The enhancement ratio for this feature is plotted 
in Fig. 25.    While the scatter of the points is large,  it seems that the enhancement does not con- 
tinue to increase as the feature approaches the limb. 

By this process of elimination, we conclude that a difference in roughness is probably the 
chief cause for the brightness of these regions with respect to their environs. A similar con- 
clusion has been reached by JPL where it has been found that the features are brighter when 
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Fig. 24. Plot of relative intensity of complex 
region Haystack II as a function of position in 

ratio plots such as Figs. 23(a-h). 

Fig. 25. Plot of the relative intensity of the isolated 

feature "Carpenter A" as a function of position in 

ratio plots such as Figs. 23(a-h). 

examined in the depolarized component of the reflected signals than in the polarized (i.e.,  ex- 

pected) sense.    The fact that the features are readily detectable at 12.6-cm wavelength where 

the atmospheric attenuation is less (see Sec. V), may also be employed as an argument that height 
(or temperature) differences are not the prime physical effect.    The features seen at 3.8 cm are 

brighter with respect to their environs than at 12.6 cm [cf. Fig. 23(h) with Fig. 12 of Ref. 15],  but 
this could be due to increased effective roughness at the shorter wavelength. 

The presence of rough regions on the surface should serve to raise the radar cross section 
owing to their greater backscattering capability except when they occupy the subradar region 
(where the smooth surface has a higher backscattering coefficient).    Thus the dip in the cross 
section seen in Fig. 5 centered on day 225 may be associated with the passage of a number of 
features (Haystack G,  IV,  and V) through the vicinity of the subradar point at this time (see 

Table XIII). 

E.    Discussion 

Table XV summarizes the locations of the features found in these observations and those 
reported earlier.    The table also gives the probable correspondence of these features to those 

18 19 reported by JPL workers.    Of those reported by Goldstein    *      none appear to be spurious,   for 
though y and e  are not listed in Table XV,  we have evidence of their existence from the 1966 
results.       The feature ß appears to be a large complex region which in our observations has 
been resolved into the centers listed as Haystack II and III. 

Carpenter      has undertaken a more ambitious attempt to define feature locations on the disk. 
Of these,   evidence of the existence of A through G was found in 1966,     though a determination 
of the exact locations of these from the 3.8-cm measurements was not attempted.    We note that 
the Goldstein and Carpenter lists differ considerably.    For example. Carpenter has no feature in 
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TABLE XV 

LOCATION OF RADAR FEATURES  ON VENUS 

Location from Haystack 

Probable J PL 

Location from JPL 

Longitude Latitude Longitude Latitude 
Features (deg) (deg) Identification (deg) (deg) 

RELIABLE 

Haystack 1 -1 ±2 -26      ±3 
Goldstein a 

Carpenter F 

0      ±? 

0     ±0.7 

-29     ±2 

-26.7 ± 1.8 

Haystack II 

Haystack III 

-81 ±2 

-78 ±2 

+24     ±2 

+31      ±2 
Goldstein ß center = -78     ±6 ±23     ±4 

Haystack IV -65 ±3 -7     ±3 Carpenter C -68.9 ± 1.3 -6.8±5.8 

Haystack V -73 ± 1 -1.5 ±0.5 Carpenter C2 -70.0 ±0.7 -2.5 ±3.7 

PROBABLE 

Haystack A -68 ±2 +23     ±2 
Carpenter D2 

Goldstein 6 

-70.0 ±0.7 

-69     ± ? 

+22.7 ± 1.7 

+26     ±? 

Haystack B -81 ±3 -12     ±3 Carpenter Bl -75.8 ±0.6 -11.9±4.4 

Haystack C -36 ±3 -13     ±2 None 

Haystack D -39 ±4 +10     ±4 None 

Haystack E -49 ± 1 +3     ±0.5 Carpenter E -49.3 ±0.9 +6.4±8.5 

Haystack  F -61 ±1 +2     ±0.5 
[Carpenter D 

| Carpenter  D3 

-61.0±1.8 

-60.5 ±0.7 

-1.7±7.1 

-2.5+4.1 

Haystack G -70 ± 1 +5     ±2 None 

Haystack  H -77 ±1 +4     ±2 Carpenter B -78.1 ±2.6 -3.3±8.7 

the location of ß though his paper implies that B,  C  and D of his list are the same feature. 
Similarly,  Goldstein's map has no feature in the region centered on —70° longitude —5° latitude 
where a large number of Carpenter's features lie.    It appears that this region is a second com- 
plex reflecting area, which in our measurements has been resolved into Haystack IV and V with 
the possible addition of Haystack B,  F and H.    In this general vicinity,  Carpenter lists  B,  Bl, 
C,  C2,   D (and D3),  all of which appear to have some counterpart in the Haystack observations. 

Indeed,  the only feature in Carpenter's map that was not recognized in our observations is the 
feature Cl which Carpenter regards as a tentative identification. 

In summary,  the work reported here confirms and extends somewhat earlier observations 
at JPL of the location of anomalously reflecting regions on the disk of Venus.    Using the co- 

ordinate system defined in Sec. IV,  the largest regions of anomalous reflectivity are centered 
at approximately —80° longitude 26° latitude and —70° longitude —5° latitude.    Each of these ex- 
tends over a region of the order of 10° x 10°,  and appears to contain a number of centers.   Since 
these two features tend to lie at the same Doppler shift,  it is difficult to separate them using 

Doppler and/or delay-Doppler resolution alone,  and the interferometer measurements reported 
in Ref. 1 represent a considerable advance.    Nevertheless,   some misidentification may have 

50 



been made,  and in any event it seems doubtful that these regions have been fully resolved.    When 

this is done,  it is likely that their complexity will lead to the abandonment of the idea of locating 

individual features.    Elsewhere on the disk there are isolated regions of high reflectivity that 

have not been resolved in the measurements made thus far. 

It is suggested that the principal difference between the anomalously bright regions and their 

environs is that they are rougher on a scale comparable with the wavelength.    A reason for such 

differences is not known.    Possibly these features are of external origin (e.g.,  impact craters) 

though internal effects (e.g., convection cells) may be capable of giving rise to differences in 

surface roughness. 
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